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QUALITATIVE STUDIES OF SOIL MICROORGANISMS 
IX. AMINO ACID REQUIREMENTS OF RHIZOSPHERE BACTERIA! 


By R. H. WALLACE? AND A. G. LOCHHEAD® 


Abstract 


A study was made of the more specific amino acid requirements of bacteria 
from the rhizospheres of clover, flax, and wheat plants for which a chemically 
defined medium containing 23 amino acids provided essentials for maximum 
growth. Of seven groups of amino acids, the sulphur-containing group (cysteine, 
methionine, and taurine) was found to be of special significance, the omission of 
this group resulting in a pronounced decrease in the percentage of organisms able 
to develop. Further study of organisms dependent upon this group of amino 
acids for growth showed methionine to be by far the most essential compound. 
While evident for bacteria from the rhizosphere of all three crops, the effect was 
more pronounced in the case of clover than with flax or wheat. 


Introduction 


One of the important groups into which soil bacteria may be divided on the 
basis of nutritional requirements comprises those organisms for which amino 
acids are needed for growth (3). This group appears to be significantly 
related to crop growth, for studies with a variety of plants have shown that 
bacteria requiring amino acids are preferentially stimulated in the rhizosphere 
(4, 6). 

In the procedure proposed in a previous paper of this series (3) for classifying 
soil bacteria according to their nutritional requirements, the medium adopted 
for organisms requiring amino acids consisted of a basal glucose—nitrate-salts 
medium with the addition of 10 amino acids. However, it would be expected 
that a medium containing a larger number of amino acids, some of which 
would doubtless be required by bacteria not responding to the 10 amino acids 
previously selected, would increase the percentage of organisms falling within 
the ‘amino acid group’. The original medium, however, has provided a basis 
for grouping that has been found helpful in studies of the microbial equilibrium 
in soil as affected by plant growth or other environmental conditions (2, 4, 6) 
and in determining the ‘bacterial balance index’ in relation to certain plant 
disease factors in soil (1, 5). 


1 Manuscript received November 15, 1949. 


Contribution No. 297 (Journal Series) from the Division of Bacteriology and Dairy 
Research, Science Service, Department of Agriculture, Ottawa. 


2 Assistant Bacteriologist. 
3 Dominion Agricultural Bacteriologist. 


|The December issue of Section C (Can. J. Research, C, 27 : 269-293. 1949) was 
issued February 21, 1950.] 
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Within any given ‘nutritional group’ there may be considerable divergencies, 
not only in morphological type, but with respect to the individual nutritional 
requirements of species or strains. Previous studies (3) of a series of isolates 
from soil, all responding to a mixture of amino acids, showed wide differences 
in response to single amino acids, the results suggesting that indigenous soil 
bacteria may exercise highly specialized functions, and indicating incidentally 
the high degree of variation between many apparently closely related types. 

The purpose of the studies here reported was to examine more specifically 
the amino acid requirements of bacteria isolated from the rhizosphere and to 
ascertain which compounds may be responsible for the increase of organisms 
of the ‘amino acid group’ within the zone of influence of the growing plant root. 


Experimental 


Bacteria were isolated from the rhizospheres of field-grown clover, flax, and 
wheat. The respective plants were brought from the field to the laboratory 
and, after superfluous quantities of soil had been carefully removed, the roots 
and adhering soil were placed in sterile water, shaken, and suitable dilutions 
made for plating. Soil extract agar without added energy material was used 
for plating as being the least selective medium available. It was prepared by 
autoclaving 1 kgm. garden or field soil with 1 liter tap water for 30 min. 
at 15 Ib., filtering after a little calcium sulphate was added, and making the 
filtrate up to 1 liter. To the soil extract were added 0.02% potassium mono- 
hydrogen phosphate and 1.5% agar. Plates were incubated at 25°C. for 
12 days. All colonies that developed were picked off from the whole area of 
suitable plates or sectors (approximately 300 from each sample) and stab 
inoculations made into soil extract semisolid medium (containing 0.02% 
potassium monohydrogen phosphate, 0.01% yeast extract, 0.3% agar) for 
further study. 

To determine which of the isolated organisms required amino acids for good 
growth, transfers were made to two fluid media, namely a basal glucose-salts 
medium with potassium nitrate as the only source of nitrogen (3), and this 
medium supplemented with the following 23 amino acids each at 0.025% 
concentration. 


dl-Alpha alanine dl-Methionine 
l-Arginine monohydrochloride dl-Norleucine 
l-Asparagine dl-Ornithine monohydrochloride 

dl-Aspartic acid dl-Phenylalanine 
l-Cysteine hydrochloride l-Proline 

glycine dl-Serine 

l-Glutamic acid l-Taurine 
l-Histidine monohydrochloride dl-Threonine 
l-Hydroxyproline l-Tryptophane 

dl-Isoleucine l-Tyrosine 
l-Leucine dl-Valine 


dl-Lysine monohydrochloride 
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Organisms showing no growth in the basal medium and good growth in the 
presence of amino acids after five days’ incubation at 25° C. (197 cultures) 
were selected for study and transferred to a series of seven media in which the 
following groups of amino acids were respectively omitted. The grouping 
was made on the basis of related characteristics of the formulae ascribed to 
the respective compounds. 


Group 1. Alanine, glycine, norleucine, serine, threonine. 
Group 2. Cysteine, methionine, taurine. 

Group 3. Isoleucine, leucine, valine. 

Group 4.. Aspartic acid, glutamic acid. 

Group 5. Arginine, asparagine, lysine, ornithine. 

Group 6. Histidine, hydroxyproline, proline. 

Group 7. Phenylalanine, tryptophane, tyrosine. 


Growth Responses to Amino Acid Groups 


Table I shows the effect of omitting different groups of amino acids on the 
growth of bacteria capable of maximum development in the complete amino 
acid medium and showing no growth in the basal medium. It is apparent 
that there is considerable diversity with respect to the amino acids needed by 
certain bacteria of the rhizosphere microflora for growth, since in all cases 
some forms were unable to develop in the absence of each group of amino 
acids. However, though in the absence of the amino acids of Group 1 a 
somewhat higher percentage of organisms failed to grow, Group 2, com- 
prising cysteine, methionine, and taurine, exerted the most significant effect, 
its omission resulting in a pronounced increase in the percentage of bacteria 
showing no growth or submaximal growth, and a corresponding striking 
decrease in the percentage capable of maximum growth. The effect was 
similar in the case of all three crops. 


The Sulphur-containing Amino Acids 


Bacteria showing maximum growth in the complete amino acid medium 
and no growth in the absence of sulphur-containing amino acids (95 cultures) 
were selected for further observation. To determine which of the three com- 
pounds in Group 2 caused the differences noted in Table I, these cultures 
were transferred to media having the full complement of amino acids but 
with the following respective omissions: 


1. Cysteine. 

. Methionine. 

. Taurine. 

. Cysteine and methionine. 
. Cysteine and taurine. 

. Methionine and taurine. 
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TABLE I 


EFFECT OF OMITTING DIFFERENT GROUPS OF AMINO ACIDS ON GROWTH OF BACTERIA FROM 


RHIZOSPHERES OF CLOVER, FLAX, AND WHEAT 
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Source of bacteria 
(rhizosphere) 
Medium Composition of medium — ee | Flax | Wheat 
Percentage of bacteria 
B Control—basal (no amino acids) Growth 0.0 0.0 0.0 
A Control—basal + 23 amino acids Max. growth | 100.0 100.0 100.0 
A-—1 | A minus alanine, glycine, norleucine,|; Max. growth 67.8 60.0 49.0 
serine, threonine Submax. “ 9.6 21.2 10.6 
No - 22.6 18.8 40.4 
A-—2 | Aminuscysteine, methionine, taurine | Max. growth 29.0 18.8 19.2 
Submax. “ 29.1 30.6 31.9 
No ™ 41.9 50.6 48.9 
A-—3 | A minus isoleucine, leucine, valine Max. growth 87.1 75.3 66.0 
Submax. “ 6.4 14.1 17.0 
No. “ 6.5 10.6 17.0 
A-—4 | A minus aspartic acid, glutamic acid | Max. growth 71.0 81.1 74.5 
Submax. “ 25.8 13.0 23.4 
No = 3.2 5.9 pi 
A-—5 | A minus arginine, asparagine, lysine, | Max. growth 74.2 82.4 72.4 
ornithine Submax. “ 16.1 10.5 23.3 
No 4 9.7 Re 4.3 
A-—6 | A minus histidine, hydroxyproline, | Max. growth 90.3 87.0 80.8 
proline Submax. “ 6.5 8.3 19.2 
No 7 3.2 4.7 0.0 
A-—7 | Aminus phenylalanine, tryptophane, | Max. growth 87.1 74.2 66.0 
tyrosine Submax. “ 9.7 Mig 17.0 
No a 3.2 14.1 17.0 
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combinations on growth in amino acid medium of rhizosphere organisms from three crop plants. 
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As shown in Fig. 1, the absence of methionine resulted in a remarkable 
reduction in the number of cultures producing maximum growth. Though 
this effect appears to be common to the organisms from all three crops, it is 
more pronounced in the case of clover than that of wheat and flax. It also 
seems that notably more cultures were capable of maximum growth in the 
presence of methionine plus cysteine or taurine than with methionine as the 
only sulphur-containing amino acid. 


Discussion 


Previous investigations have pointed to the fact that the rhizosphere is 
a unique zone, where conditions are such as to modify considerably the bacterial 
equilibrium normally existent in a soil of a given type. The increased in- 
cidence in the rhizosphere of bacteria giving growth response to amino acids 
has provided evidence of interest, though indirect, with regard to the problem 
of root excretions and has directed attention consequently to a more detailed 
study of the specific nutrient requirements of such organisms. Results of the 
work reported here indicate that, for the most part, rhizosphere bacteria 
dependent upon amino acids for growth are remarkably versatile in their 
ability to utilize the various amino acids. It appears that the respective 
omission of each group of amino acids, with one exception, has little effect 
on the ability of the majority of cultures to produce good growth. The 
nitrogen value, therefore, of each group omitted would appear to be readily 
replaceable by that of the other groups remaining in the media. 


In view of the foregoing it would seem probable that the sulphur-containing 
group of amino acids, the one group whose omission resulted in but a com- 
paratively small number of cultures being able to show maximum growth, 
may serve in some other physiological role besides that of supplying nitrogen. 
The most important member of this group appears to be methionine, a sub- 
stance possibly useful because of a mobile methyl group, either in the synthesis 
of an essential metabolite or as a more readily available source of sulphur. 


The relatively high percentage of organisms incapable of growing in arti- 
ficial media in which methionine was omitted, suggests that this amino acid 
is made available in the environment from which the organisms were isolated 
originally, and intensifies the value of further work to elucidate more directly 
the role of various factors concerned with its occurrence, including excretion by 
roots, formation by decomposition of plant tissue, or elaboration by soil 
organisms of other nutritional groups. 
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PHYSIOLOGICAL AND BIOCHEMICAL STUDIES IN PLANT 
METABOLISM 


II. RESPIRATORY ENZYMES IN WHEAT! 
By E. R. WaycGoop? 


Abstract 


The kinetics of the malic dehydrogenase in cell-free extracts of wheat seedlings 
have been studied by the Warburg technique, using methylene blue. The 
enzyme behaves analogously to the animal enzyme in that it is coenzyme I- 
linked and its oxidation product, oxalacetic acid, is inhibitory to the reaction. 
Oxalacetic acid is removed by either a ketone fixative or /(+) glutamic acid, 
the latter by being involved in a transamination. Cell-free extracts also contain 
peroxidase and ascorbic acid oxidase, but no phenolases. In embryonic tissue 
the succinoxidase system, including cytochrome oxidase, is present. Using /(+) 
glutamic acid to remove oxalacetic acid, ascorbic acid can replace methylene blue 
and function as a respiratory carrier mobilizing the hydrogen from dihydroco- 
enzyme I indirectly via a pigment of unknown chemical nature. A proposed 
carrier system for the wheat plant includes coenzyme I, flavin, pigment, and 
ascorbicacid. Jn vitro, the entry of oxygen to the system is catalyzed by ascorbic 
acid oxidase supported by a thermostable copper-catalyzed reaction. Alcohol, 
hexosediphosphate, and fumarate can donate hydrogen to this carrier system. 


Introduction 


Our knowledge of the respiratory mechanisms of yeast and animal tissues 
has advanced considerably farther than the corresponding knowledge of higher 
plants. In the latter the analogous problems of photosynthesis have received 
the greater attention. While considerable progress has been made in the 
elucidation of photosynthesis in recent years, one cannot avoid the conclusion 
that progress would have been greater if the respiratory mechanisms of green 
tissues were as well understood as, for example, are those of yeast. 


In higher plants, oxidizing enzymes have been extensively investigated, but 
their reducing systems, especially from the standpoint of enzyme kinetics 
have been studied very little. However, our ignorance has been mainly with 
respect to the respiratory carriers connecting the reducing and oxidizifig 
systems. In yeast and animal tissues, the cytochrome system and various 
flavoproteins help to fill the gap between the coenzyme-linked dehydrogenases 
and molecular oxygen (9, 41, 105). In higher plants, cytochrome oxidase, 
which utilizes the catalytic function of iron, appears to give way to a system 
in which copper is the predominant focal catalytic agent (103). There have 
been various suggestions in the literature regarding the nature of the carriers 
that mediate the transfer of hydrogen from the reducing systems of higher 
plants to molecular oxygen. Szent-Gyorgyi (100, 101, 102) considered that 
ascorbic acid may play a central role in the carrier system. Others (see 22) 


1 Manuscript received September 30, 1949. 

Contribution from the Department of Botany, University of Toronto, Toronto, Ont. This 
paper constitutes part of a thesis submitted to the Graduate School of the University of Toronto, in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy. Acknowledgment is 
made of grants from the special research fund of the University. 

2 Assistant Professor, Department of Botany, McGill University, Montreal, Que. 
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consider that phenolic compounds are most important. However, the evidence 
is either contradictory or confusing, probably because plants in different 
systematic positions employ different mechanisms. But life, as Szent- 
Gyorgyi (104) points out, appears to follow a similar pattern, however varied 
in its appearance, and so it is possible that these contradictory views may be 
reconciled eventually. 


Contemporary work in the Gramineae has been mainly in connection with 
the respiratory mechanism of the oat coleoptile (19), which material is so 
extremely sensitive to plant hormones. However, wheat and barley have 
also been the subject of extensive investigation. Goddard (39) isolated cyto- 
chrome c from the embryonic tissue of wheat, and James et al. (52, 53, 54) 
have established the carrier function of ascorbic acid, mainly in connection 
with the lactic dehydrogenase system of barley. The physiology and bio- 
chemistry of wheat have also been under considerable investigation in this 
laboratory (35, 63). 


The present author has investigated biochemical mechanisms in cell-free 
extracts of wheat, in which an attempt was made to bring together as a func- 
tioning system, the reducing, oxidizing, and carrier activities. Several 
dehydrogenases have been found to be present, but only malic dehydrogenase 
has been studied in detail. The latter system wherever it is found in the plant 
or animal kingdom is linked with coenzyme I. Thus, if a carrier can be 
postulated to function with the wheat malic dehydrogenase — coenzyme I 
system its role should be established for all coenzyme I-linked systems, at 
any rate in the wheat plant. The author has been able to show that ascorbic 
acid fulfils this function and there appears to be a pigment intimately associated 
with it and functioning in a similar capacity. Brief reviews of the literature 
pertaining to the respiratory role of these substances have been included to 
support the evidence upon which the hypotheses are based. 

The paper has been separated into three sections following the introductory 
methods and materials as follows: I. Malic dehydrogenase; II. The oxidases; 
III. The respiratory carrier function of ascorbic acid and a pigment. 


Methods and Materials 
SouRCE MATERIALS AND THEIR TREATMENT 


The source of enzymes, except where otherwise stated, has been Triticum 
compactum Host. var. Little Club (Saskatchewan No. 1658). Extracts were 
made from either the whole, or parts of fresh or dried etiolated seedlings 
separated from their endosperms in early growth, also from green more 
developed leaves grown in flats in the greenhouse. Young etiolated seedlings 
were prepared by germinating previously water soaked seeds on wet paper 
towelling in a dark room at approximately 25°C. Some four-days-old separ- 
ated seedlings were dried at a pressure of 100 w after having been frozen. 
No attempt was made to grow the seeds aseptically since Rhizopus spp., the 
predominant invader, attacked only the endosperm, which was discarded. 
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Extraction and Purification of the Enzymes 


The particular procedure employed in preparing the enzyme solution will 
be described with each individual experiment. In most cases, dried or fresh 
material was homogenized with water or phosphate buffer solution in a 
laboratory made glass homogenizer similar to that described in Umbreit et al. 
(109). Sometimes the material was homogenized directly in ammonium 
sulphate solution. In later experiments, nicotinamide was added _ before 
homogenization to inhibit breakdown of coenzyme I (71). The tube was 
immersed in ice water during homogenization. Young fresh embryos and 
older shoots (five to seven days) were macerated rapidly by this process, but 
parts of older roots resisted homogenization. Such parts (xylem elements) 
can be considered as cell debris and were removed by centrifugation. Dried 
ground preparations were readily homogenized. Microscopic examination of 
seedling homogenates gave no evidence of whole cells. 


Another method employed for large quantities of leaves grown in the green- 
house was to pass the fresh material through a mechanical juicer, which 
separated most of the vacuolar and protoplasmic fraction (juice) from the cell 
wall material. 


Homogenized shoots or “‘juiced’’ leaves formed three fractions on centri- 
fugation. An upper layer of fatty nature, a middle supernatant liquid layer 
containing suspended plastids and other water soluble substances, and the 
residue consisting of cell debris and broken and whole plastids. Usually the 
upper layer was discarded and either of the remaining two fractions was used 
as a source of enzymes. 


Centrifugation, dialysis, and ammonium sulphate precipitation were most 
generally used for partial purification and removal of endogenous substrates. 
However, acetone precipitation followed by dialysis has been used successfully 
in some cases. 


MEASUREMENT OF ACTIVITY OF ENZYME SYSTEMS 


Oxygen Uptake 


Oxygen uptake by the dehydrogenase and oxidase systems has been the 
chief measure of activity employed. A standard Barcroft-Warburg apparatus 
was used. The flasks and manometers were shaken at 120 oscillations per 
minute in a thermostatically controlled water bath at 30°C., or in a few 
experiments at 37°C. Two types of flasks were used: single side arms with 
central well; and double side arm with central well. The flasks and mano- 
meters were calibrated with mercury. Brodie’s solution colored with safranin 
was used as the manometer fluid and the procedures adopted conformed, in 
general, to those described in Umbreit et al. (109). Equilibration in air took 
about 10 to 15 min., after which time the stopcocks were closed and the 
apparatus shaken for 10 to 20 min. to record oxygen uptake prior to the addi- 
tion of other materials. The central well‘of each flask contained 0.2 ml. of 
2N sodium hydroxide in which was placed Whatman No. 40 filter paper 
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(2.5 X 2.0 cm.) folded, concertina fashion. At the conclusion of the experi- 
ment, pH readings were made when necessary by means of a glass electrode. 
Generally, 3 ml. of system was employed. 


Color Reactions 


The Thunberg technique (109) using methylene blue was employed in a 
few experiments for qualitative measurements at room temperature. 

Peroxidase activity was measured by observing the development of the 
colored oxidation products of pyrocatechol by hydrogen peroxide in cuvettes 
of the Coleman Universal spectrophotometer at 675 mu. 


PREPARATION OF SPECIAL REAGENTS 
Coenzyme I 


Coenzyme I was prepared by the method described by Williamson and 
Green (114). Special starch-free baker’s yeast was obtained from Standard 
Brands Ltd., Toronto and Montreal. Coenzyme I was also obtained from 
Schwarz Laboratories Inc., 202, East 44th Street, New York 17, N.Y. 


An extract having the same characteristics as yeast coenzyme I was prepared 
from 125 gm. wheat leaves on the principles of Williamson and Green (114). 
After their hydrogen sulphide treatment, however, the filtrate was evaporated 
to dryness under reduced pressure and dissolved in water. 


Cytochrome c 


The method of Keilin and Hartree (56) was employed using fresh ox hearts 
obtained from Canada Packer’s Ltd., Toronto. The hearts were freed from 
fat and ligaments and minced in a common meat grinder. After the usual 
digestion with 23% trichloroacetic acid, the brei was coarsely pressed through 
canvas and the residual juice extracted in an hydraulic press. This latter 
procedure risks contamination with iron on the press surfaces, but the yield is 
considerably improved. To remove as much of this free iron as possible the 
solution was dialyzed against glass distilled water in the cold instead of against 
sodium chloride as recommended. One ox heart (1119 gm. mince) yielded 
37.5 ml. of a clear reddish brown solution containing 1.2 X 10-* moles cyto- 
chrome c per ml. as measured in a Beckman spectrophotometer according to 
the method in Umbreit et al. (109). 


Enzyme Substrates 


Organic acids were neutralized by the required amount of sodium hydroxide 
to prepare their sodium salts if these were not available. Ascorbic acid was 
dissolved in sufficient phosphate buffer to adjust the pH close to neutrality. 
Reagents added in catalytic amounts were dissolved either in water or phos- 
phate buffer. 

MISCELLANEOUS 


Absorption Spectra 


The absorption spectra of many enzyme preparations were examined in 
order to determine the presence of bands that might be produced by 
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flavoprotein or free flavin. Fluorescence and the presence of a marked band 
at 450 my were used as criteria. The Coleman spectrophotometer was used 
in all cases. 


Ascorbic Acid 

This was determined colorimetrically by reduction of 2, 6-dichlorophenolin- 
dophenol dye using the Coleman spectrophotometer. The buffers employed 
were essentially those described by Morell (75). To measure the quantity of 
ascorbic acid in systems contained in the Warburg flasks, 0.5 ml. of 18% 
metaphosphoric acid was placed in one of the side arms. At any time the 
reaction was stopped by tipping the acid. The contents were then diluted 
with citrate-phosphate buffer (pH 3.6) so that the final solution contained 
about 10 ywgm. ascorbic acid per ml. Dehydroascorbic acid was determined 
on the centrifuged extract by treatment with hydrogen sulphide and measuring 
the amount of ascorbic acid regenerated. 


Experimental Results. I. Malic Dehydrogenase 
PRESENCE, DISTRIBUTION, AND REACTION 


The properties of the enzyme described in this section have been studied 
mainly with the use of extracts of dried seedlings and shoots. The methods 
of study entailed the techniques commonly employed with methylene blue 
under anaerobic and aerobic conditions. 


Reduction of Methylene Blue 

Semiquantitative experiments using the Thunberg technique showed that 
a system containing a secondary phosphate extract of dried or fresh wheat 
seedlings, sodium d/-malate, and coenzyme I will decolorize methylene blue 
anaerobically. The system was thermolabile. Addition of cyanide accelerated 
the rate of decolorization. In the absence of added substrate or coenzyme I, 
decolorization was extremely slow. The observed effects indicated that 
sodium malate was being dehydrogenated by a thermolabile system involving 
a malic dehydrogenase. The hydrogen ions are transferred via coenzyme I 
to methylene blue, which is reduced and decolorized. Extracts from all 
parts of the seedling including leaf, coleoptile, and root are capable of catalyzing 
this reaction. 


Oxygen Uptake 

Aerobically, the system consumed oxygen and the dye was maintained in 
its oxidized state. The necessity for each factor was shown by the effect of its 
absence on the oxygen uptake of the system (Fig. 1). Cyanide accelerated 
the rate of oxygen uptake. Green (40) demonstrated that the oxidation of 
malic acid by animal tissues is mediated by coenzyme I. The oxidation 
product, oxalacetic acid, was found by that author to be inhibitory and its 








12 CANADIAN JOURNAL OF RESEARCH. VOL. 28, SEC. C. 


removal was accomplished by ketone fixatives, of which cyanide, by forming 
a cyanohydrin, was the most active. 
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Fic. 1. The activity of malic dehydrogenase in the absence of various factors. 


SysTEM:— 0.5 ml. 0.3 M disodium hydrogen phosphate; 1.0 ml. 0.3 M sodium dl-malate; 
0.5 ml. enzyme solution; 0.5 ml. coenzyme I (unknown concentration, in side arm); 
0.4 ml. 0.2 . potassium cyanide; 0.1 ml. 0.5% methylene blue. Final volume 3.0 ml. 
Final pH 9.5 

ENZYME SOLUTION: — % homogenate (50 mgm. dried shoots per 5 ml. 0.3 M disodium 
hydrogen Ot 


Relation to Coenzyme I and Flavoprotein 


The foregoing experiments establish the presence of malic dehydrogenase in 
extracts of dried germinated wheat seedlings similar to that observed in 
cucumber seeds (108), wheat seeds (7), bean and cucumber seeds (110), the 
oat coleoptile (17), and spinach leaves (20). It is most probable that the wheat 
enzyme is coenzyme I-specific, as are the oat enzyme (17), and those described 
for yeast and animal tissues (41, 105). A dye such as methylene blue is 
necessary to mediate the system to molecular oxygen. The initial transfer 
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of hydrogen ions from malic acid to coenzyme I is catalyzed by malic dehydro- 
genase. The reoxidation of reduced coenzyme I by methylene blue is generally 
recognized as being catalyzed by a flavoprotein in yeast and animal tissues (41). 
The prosthetic group (flavin) of the flavoprotein functions a sahydrogen carrier, 
undergoing reduction by dihydrocoenzyme I and oxidation by methylene blue. 
The reduced methylene blue is reoxidized by molecular oxygen with the 
formation of water. The series of reactions occurring may be formulated as 
follows (41) :— 


Malate + Col = Oxalacetate + Co IH: 
Co IH, + Flavin = Col + FlavinH. 
FlavinH, + MeB = Flavin + MeBH, 
MeBH, + 1/20. = MeB + H,O 


There is some evidence for the participation of a flavoprotein in the systems 
of higher plants. Wagner-Jauregg and Rauen (110) showed that the malic 
dehydrogenase — coenzyme system of beans was activated by the addition 
of the Warburg and Christian “old yellow enzyme’’. The malic dehydro- 
genase of the oat coleoptile (17) was activated by milk xanthine oxidase, a 
flavoprotein that catalyzes the oxidation of dihydrocoenzyme I (41). Lock- 
hart (69) prepared a diaphorase from peas and beans that was specific for the 
transfer of hydrogen from dihydrocoenzyme I to methylene blue, but not to 
simple quinones. It is interesting to note that this enzyme was stable only 
for two days as compared with four months for pig heart diaphorase. Yama- 
gata and Nagahisa (115) and Okunuki (78) presented evidence for the parti- 
cipation of the ‘‘old yellow enzyme”’ in the reduction of methylene blue by 
alcohol dehydrogenase extract from beet and lily pollen respectively. Later 
Okunuki (79) found, alongside his lily pollen succinic dehydrogenase, a 
diaphorase that activated the reduction of methylene blue by the hexosedi- 
phosphate-cozymase system. The “old yellow enzyme”’ was inactive in this 
system. 

Attempts to detect the presence of a flavoprotein, spectrophotometrically, 
in partially purified preparations of malic dehydrogenase from wheat will be 
discussed later (p. 16). 

Oxygen Equivalent 

The series of reactions proposed above presumes the uptake of § mol. oxygen 
per mol. malic acid oxidized. The data in Table I show that this is true of 
the wheat system. The complete oxidation of the /(-) malic acid indicates 
that this naturally occurring isomer is the proper substrate for the enzyme, 
since di malic acid is never oxidized completely. This is in agreement with 
the specificity and oxygen equivalent shown by Green (40), for animal malic 
dehydrogenase. 


Stability 


Five days’ storage in the cold did not seriously impair the malic dehydro- 
genase activity of a dried shoot homogenate in the presence of cyanide (112). 
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TABLE I 


OXYGEN UPTAKE PER GM. MOL. /(—) MALIC ACID OXIDIZED 











Treatment Total oxygen consumed 
Control without added /(—) malic acid 18 wl. 
With 0.67 mgm. /(—) malic acid 75.5 “y 
Increase due to 0.67 mgm. /(—) malic acid 57.5 wl. 
Increase per gm. mol. /(—) malic acid 11500 ml. = 1/2 gm: mol. oxygen 








SystemM:— 0.15 ml.0.15 M disodium Speke 3 phosphate; 2.0 ml. enzyme solution; 0.5 ml. 
(0.67 mgm.) neutralized 1(—) malic acid (side arm); 0.25 ml. 1% coenzyme I; 0.1 mil. 
M hydrocyanic acid, 0.2 ml. 0.5% methylene blue. Final volume 3.2 ml. Final pH 
8.0. 


ENZYME SoLuTION:— 100 three-day-old fresh shoots homogenized in 5 ml. disodium hydrogen 
phosphate 


However, if cyanide was not employed, partially purified or stored enzyme 
preparations apparently lost their activity. This was probably due to the 
impairment of the endogenous mechanism that removed oxalacetate. This 
mechanism as will be seen later (Table III) is probably a transamination 
involving glutamic acid. The impairment may have been due to the loss of 
substrate or cofactors, or the formation of inhibitors from an easily oxidizable 
substrate (e.g. ascorbic acid, p. 15 and p. 44). 


PURIFICATION PROCEDURES 


Experiments showed that the major part of the malic dehydrogenase 
activity resided in the supernatant of the extract (112). 


Effect of Dialysis 

Preliminary tests indicated that the malic dehydrogenase activity of an 
homogenate of dried wheat seedlings was not impaired by dialysis in a cello- 
phane sac at 10° C. over a period of eight hours. On the other hand, the small 
endogenous activity present in undialyzed preparations (Fig. 1) prior to the 
addition of substrate or coenzyme I was entirely eliminated. 


A 1% homogenate (0.3M disodium hydrogen phosphate) of dried shoots 
was centrifuged and 9 ml. of the supernatant was dialyzed against 30 ml. 
distilled water in the cold for 22 hr. The solution was again dialyzed for a 
further 18 hr. against running tap water at 10° C. and stored for seven days in 
the cold with a crystal of thymol. Activity tests were made at various 
intervals and the results are shown in Table II. Significant loss of activity 
in the presence of coenzyme I and cyanide occurred only after 40 hr. dialysis 
(18 hr. tap water) and a further seven days in storage. This experiment 
indicates that the purified enzyme is relatively stable when left open to the air, 
contrary to the conclusion of Berger and Avery (17) on the oat enzyme. 


Berger and Avery (17) using the Thunberg technique were concerned with 
the fact that the activity of their enzyme preparations deteriorated over a 
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period of time when left open to the air. They found that they were able 

to accelerate the rate of disappearance of thionin dye by a 30 min. preincuba- 

tion in vacuo of their freshly filtered enzymes. Their ammonium sulphate 
TABLE II 


EFFECT OF DIALYSIS ON MALIC DEHYDROGENASE ACTIVITY 











Treatment (hours of dialysis) ul. oxygen per hr. 
Initial 56.0 
Twenty-two hours vs. distilled water 54.0 
+ Two hours vs. tap water 54.0 
+ Four hours vs. tap water 54.5 
+ Eighteen hours vs. tap water 44.0 
+ Seven days’ storage 24.0 








SysTtEM:— 0.5 ml. 0.3 M disodium hydrogen phosphate; 1.0 ml. 
0.3 M sodium dl-malate; 0.5 ml. coenzyme I solution (side arm); 
0.2 ml.0.2 M potassium cyanide; 0.1 ml. 0.5% methylene blue; 
0.5 ml. enzyme solution. Finalvolume3.0ml. Final pH 9.0. 


precipitated enzymes did not show any . . . “accelerating preincubation effect, 
presumably because of elimination of endogenous substrate and/or inhibiting 
compounds”. The present author has repeatedly observed this phenomenon 
and evidence will be presented later to show that this preincubation effect 
is due mainly to ascorbic acid and its degradation products, the former being 
the endogenous substrate and the latter the inhibiting compounds. Indeed, 
it is now a common practice of the author, in order to maintain ascorbic acid 
in its reduced state, to subject the extract to anaerobic conditions. Further- 
more, ascorbic acid and its primary irreversible degradation product, diketo- 
gulonic acid (48, 84), reduce thionin rapidly over almost the whole pH range 
(21). 


Ammonium Sulphate Precipitation 


The ammonium sulphate precipitated enzyme had the same properties as 
the dialyzed enzyme. However, ammonium sulphate concentration appar- 
ently precipitated some endogenous dialyzable compound that had a slight 
inhibitory effect on malic dehydrogenase activity. Experiments showed that 
maximum activity could be attained from an enzyme precipitated by 66% 
ammonium sulphate as compared to 33% and 100% saturation (112). 

Accordingly, a combination of dialysis and ammonium sulphate precipi- 
tation has been the method of enzyme purification most frequently used in 
this study. Examples of such preparations are those for which data are 
given in Figs. 4, and 5, A and B. 


Acetone Precipitation 


Dried shoot powder (200 mgm.) was homogenized with 20 ml. 0.3M 
disodium hydrogen phosphate and centrifuged. Two volumes of cold acetone 
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were added to the supernatant and the precipitate after centrifugation was 
washed three times with cold acetone, then dried im vacuo at room temperature. 
The somewhat brownish dry powder was rubbed up in 3 ml. 0.3M disodium 
hydrogen phosphate and dialyzed for 15 hr. against running tap water at 10° C. 
The supernatant after centrifugation was made 66% saturated with respect 
to ammonium sulphate. After settling overnight in the cold the woolly 
precipitate was centrifuged off and redissolved in 2 ml. 0.3M disodium 
hydrogen phosphate. This preparation contained an active malic dehydro- 
genase. A procedure for the preparation of malic dehydrogenase by acetone 
precipitation of green wheat leaf juice is described below. 


EXISTENCE OF A FLAVOPROTEIN 


Preparation and Properties of Enzyme Solutions 


The absorption spectra (Fig. 2) of many partially purified enzyme solutions 
were examined in the Coleman spectrophotometer in order to determine the 
presence of a flavoprotein. The demonstration of an absorption band and 
fluorescence at 450 muy, and the catalytic effect of one enzyme solution on 
another were considered to be sufficient criteria for its presence. In general, 
no significant catalytic effect was observed with the addition of one enzyme 
preparation to another. This may have been due to the fact that in those 
experiments the concentration of cyanide was relatively low and perhaps 
limiting. 

The preparation of the enzyme solutions from dried seedlings and some of 
their properties were as follows: 


1. Supernatant of a water extracted homogenate, precipitated with ammo- 
nium sulphate at pH 5.0. Prepared by the method of Green and 
Dewan (43) for coenzyme factor of yeast. Band at 360 my. No 
indication of flavin, Fig. 2, No. 1. 

2. Acetone precipitated enzyme, prepared as described above. Band at 
375 mu. No indication of flavin. Fig. 2, No. 2. 


3. Ammonium sulphate precipitated enzyme as described in Fig. 5A. 
Band at 375 mp. No indication of flavin. Fig. 2, No. 3. 


4. Supernatant of a water extracted homogenate precipitated with M/2 
acetate at pH 4.6. Band at 375 my. No indication of flavin. 


5. Ammonium sulphate and phosphate homogenate at pH 7.4. Residue 
resuspended in phosphate, centrifuged, and residue discarded. Spectrum 
differed, with a large general absorption from 360 my to 500 mu. This 
absorption was only partially dialyzable. No indication of flavin. 


The only evidence for the existence of a flavin was found in the acetone 
precipitates of green wheat leaves when much larger quantities were employed. 
The leaves were “‘juiced” and three volumes of cold acetone were added to 
each of two 50 ml. aliquots. The precipitates of both were collected on the 
centrifuge. One was washed twice with an ether—acetone mix (1:3 by 
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volume) that removed all the chlorophyll. The second precipitate was 
washed six times with the same mixture and the final washing showed a yellow 
color. The washed precipitates were dried im vacuo, dialyzed for 12 hr. 
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Fic. 2. Absorption spectra of various extracts. 


1. ENZYME SOLUTION: redissolved ammonium sulphate precipitate, at pH 5.0, of a water 
extract of dried whole seedlings (method of Green and Dewan (43) for the preparation 
of coenzyme factor). 


2. ENZYME SOLUTION: dialyzed acetone precipitate of dried whole wheat seedlings. 


3. ENZYME SOLUTION: redissolved ammonium sulphate precipitate at pH 7.0 of a phosphate 
extract of dried whole seedlings prepared as in Fig. 5. 


4. Acetone — ether extract of acetone precipitated wheat leaf juice. 
5. Aqueous riboflavin. 
Arrows—characteristic fluorescence of riboflavin observed in this range. 


against running tap water and tested for malic dehydrogenase activity. The 
second extract was approximately one-third as active as the first. The 
experiment indicates either the removal or the inactivation of some necessary 
factor in the second precipitate. The absorption spectrum of the final 
acetone-ether washing of the second precipitate showed it to be typically 
flavinlike, with a small band at 350 my, and a larger band with characteristic 
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fluorescence at 450 my. It is probable that this factor was responsible for 
the decreased activity of the second precipitate. Its spectrum is shown in 
Fig. 2 compared to the spectrum of riboflavin in the Coleman Universal 
spectrophotometer. 


The evidence for the existence of a flavoprotein in higher plants has already 
been summarized. The foregoing indicates its elusive character, but adds a 
modicum of confirmatory evidence. 


The Band at 375 my 


This band was found to be common to all active enzyme solutions. It was 
resistant to dialysis and it is quite probable that it was masking the absorption 
due to the flavin moiety of a flavoprotein. Yellow flavylium dyes such as 
quercetin (64) and rutin (76, 96) amongst others exhibit a characteristic band 
in this region of the spectrum. A crude aqueous solution of tricin prepared 
by essentially the same method as Anderson (6) also shows an absorption 
maximum at 375 mu. 


PROPERTIES OF THE SYSTEM 
Effect of pH 


In three experiments using unpurified homogenates, the oxalacetate was 
“‘fixed’’ by cyanide and, in a third, glutamate, the action of which is discussed 
later (Table III), was employed. : Buffers were prepared from stock solutions 
of 0.3M primary potassium, secondary sodium, and tertiary sodium phos- 
phate. The results are shown in Fig. 3. Activity was observed between 
pH 6.0 and pH 10.5 the latter pH being attained in the presence of cyanide. 
The narrower optimum range lies well on the alkaline side, which brings the 
wheat enzyme into accord with animal malic dehydrogenase (40) and the oat 
enzyme (17). The visible heterogeneity of the organized cell implies a 
corresponding heterogeneity in hydrogen ion concentration and presumably 
the wheat malic dehydrogenase operates in regions of pH differing from that 
of the expressed juice (pH 5.1 to 5.6). The pH optimum of an enzyme 
generally corresponds to the isoelectric point, governed by the ionic species 
of the specific protein, in which range it exerts its greatest catalytic effect (9). 
Therefore, it is not essential that an enzyme functions in vivo at the pH 
optimum of the in vitro system, but if the ionic species of the protein that deter- 
mines the pH optimum are present at any pH, then the enzyme will have 
potential catalytic activity. 


Effect of Enzyme Concentration 


Using an enzyme solution purified by dialysis and subsequent ammonium 
sulphate precipitation an experiment was conducted to determine the effect 
of enzyme concentration on the activity of the system. The system employed 
and the results are shown in Fig. 4. The oxygen uptakes by different enzyme 
concentrations, in the presence of 0.013M cyanide, at 30 min., 60 min., and 
90 min. are separately plotted against enzyme concentration (circles, Fig. 4). 
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These data do not show the proportionality between enzyme concentration 
and activity, characteristic of enzyme systems, and the apparent deviation 
is considerably greater when the activity measure entails a longer time interval 
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Fic. 3. Effect of pH on malic dehydrogenase activity. 
SysTEM WitH CyYANIDE:— 1.0 ml. 0.3 M sodium dl-malate; 0.5 ml. enzyme solution; 


0.5 ml. coenzyme I (side arm); 0.2 ml. M potassium cyanide (pH 7.6); 0.1 ml. 0.5% 
methylene blue; 0.9 ml. different phosphate buffer solutions. 


ENZYME SOLUTION:— 1% water homogenate of dried shoots. 


System WitH GLUTAMATE:— 0.1 ml. 2 M sodium dl-malate; 0.5 ml. enzyme solution; 
0.25 ml. 0.5% coenzyme I (side arm); 0.2 ml. 0.5% methylene blue; 0.3 ml. 0.5 M 
sodium I(+) glutamate; 1.0 ml. different phosphate buffer solutions. 


ENZYME SOLUTION:— supernatant of a 2% dried seedling homogenate in 0.3 M disodium 
hydrogen phosphate. 


(e.g. 60 min. and 90 min.). The activity of the systems containing higher con- 
centrations of enzyme falls off rapidly after the first 30 min. and the decelera- 
tion of activity after 90 min. is almost directly proportional to the enzyme 
concentration between the limits of 0.1 ml. and 0.4 ml. of enzyme solution. 
On the other hand, the acceleration of activity between the limits of zero and 
0.1 ml. enzyme solution shows a normal effect at all time intervals, being 
almost directly proportional to the enzyme concentration. 

The facts indicate the presence of an inhibitor produced during the course 
of the reaction. Green (40) has shown that linearity in the rate of oxidation 
of malic acid can be attained by the addition, to the system, of ketone fixatives 
that remove the oxidation product, oxalacetic acid, which is inhibitory to the 
reaction. The equilibrium between malate and oxalacetate is strongly in favor 
of the formation of malate, and unless oxalacetate is removed the oxidation of 
malate is rapidly inhibited (87). Therefore, in this system the higher con- 
centrations of enzyme in the presence of coenzyme I and malate produces 
more oxalacetate per unit time than the lower concentrations. The accumula- 
tion of a trace of the latter is sufficient, apparently, to inhibit the reaction. 
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To test this explanation, the experiment was repeated with a higher concen- 
tration of cyanide (0.13M) and the results are superimposed on Fig. 4. The 
characteristic influence of enzyme concentration upon the activity at the end 
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Fic. 4. Effect of enzyme concentration on malic dehydrogenase activity. 


SystEM:— 0.5 ml. 0.3 M disodium hydrogen phosphate; 1.0 ml.0.3 M sodium dl-malate; 
0.1 ml. 0.5% methylene blue; 0.5 ml. coenzyme I (side arm); 0.05 to 0.4 ml. enzyme 
solution. Final volume 3.0 ml. Final pH 8.5. 


Circles —0.2 ml. 0.2 M potassium cyanide (not neutralized). 
Squares—O.4 ml. M potassium cyanide (pH 7.6). Corrected for blank oxygen uptake. 


ENZYME SOLUTION:— 200 mgm. dried shoot powder homogenized in 20 ml. 0.3 M disodium 
hydrogen phosphate. The supernatant after centrifugation was dialyzed against running 
tap water at 10° C. for 19 hr. After centrifugation, the supernatant was made 66% 
saturated with respect to ammonium sulphate and placed in the cold for 24 hr. The woolly 
precipitate was filtered under suction and the residue redissolved in 4 ml. 0.3 M disodium 
hydrogen phosphate and filtered. 


of 15 min. and 30 min. is demonstrated. Even at this higher concentration 
of cyanide (squares Fig. 4) the activity of the system with the highest concen- 
tration of enzyme tends to deviate from linearity after 30 min. Thus, it 
appears that the malic dehydrogenase of wheat conforms to animal malic 
dehydrogenase (40) in its sensitivity to some product of its own activity. 
This product is “‘fixable’’ by cyanide and other ketone fixatives and presumably 
is oxalacetate. 


Effect of Phosphate Concentration 


It had been considered that the concentration of phosphate supplied with 
the enzyme solution may account for the anomalous results. However, an 
experiment conducted to test the effect of the concentration of phosphate 
(0.01M to 0.09M) showed that this factor had no appreciable effect on the 
activity of the system (112). 
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Effect of Cyanide Concentration 


A molar solution of neutralized potassium cyanide was prepared and various 
concentrations tested in the malic dehydrogenase system. The system em- 
ployed and the results are shown in Fig. 5A. The activity is directly propor- 
tional to the cyanide concentration up to a concentration of 0.06 M, thereafter 
the reaction is limited by another factor, probably coenzyme I in this case. 
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Fic. 5. A—Effect of cyanide concentration on malic dehydrogenase activity. 


SysTEM:— 0.6 ml. 0.3 M disodium hydrogen phosphate; 0.2 ml. 2 M sodium dl-malate; 
0.25 ml. coenzyme I (side arm); 0.5 ml. enzyme solution; 0.1 ml. 0.5% methylene blue; 
0.05 to 0.40 ml. M potassium cyanide. Final volume 3.05 ml. Final pH 7.85. 

ENZYME SOLUTION:— 200 mgm. dried whole seedlings homogenized in 20 ml. 0.3 M disodium 
hydrogen phosphate, centrifuged, and the supernatant dialyzed against running tap water 
at 10° C. for 15 hr. Centrifuged, and the supernatant made 66% saturated with respect 


to ammonium sulphate. Left 24 hr. in the cold, centrifuged, and precipitate redissolved 
in 10 ml. 0.3 M disodium hydrogen phosphate. 


B—Effect of coenzyme I concentration on malic dehydrogenase activity. 


SysTEM:— 0.6 ml. 0.3 M disodium hydrogen phosphate; 0.2 ml. 2 M sodium dl-malate; 
0.4 ml. M hydrocyanic acid; 1.0 ml. enzyme solution; 0.1 ml. 0.5% methylene blue; 
0.2 to 0.5 ml. coenzyme I. Final volume 3.0 ml. Final pH 8.0. 


Coenzyme I extracted from bakers’ yeast by the method of Williamson and Green (114). 
Oxygen uptake values corrected for blank value without coenzyme I. 


ENZYME SOLUTION :— 5 ml. of enzyme solution described in Fig. 3 dialyzed for seven hours at 
13° C. Volume increased 70%. 


Effect of Coenzyme I Concentration 


A solution of coenzyme I extracted from baker’s yeast and of unknown 
concentration, was tested in the system at various concentrations, measured 
by volume of solution. The system employed and the results are shown in 
Fig. 5B. The system without coenzyme I showed a blank value of 30 ul. 
oxygen per hr. and this has been subtracted from all the data. Even then, the 
large increase in activity with small additions of coenzyme I is indicative of 
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the catalytic effect of this cofactor and supports the conclusion that the enzyme 
is coenzyme I-specific. 


Oxygen Uptake by the Cyanide ‘‘ Blank”’ 


The large uptake of oxygen in the absence of coenzyme [I in the previous 
experiment requires some explanation. The cyanide solution in this case 
was prepared and neutralized 24 hr. prior to its use in the system. During 
that period, a heavy brownish-red precipitate formed in the cyanide solution 
and continued to form even after filtration. Further tests showed that after 
neutralization in either hydrochloric acid, sulphuric acid, or potassium 
dihydrogen phosphate, the cyanide solution consumed oxygen rapidly and in 
the case of the acid neutralization a precipitate arose. Apparently, neutralized 
cyanide solutions are unstable. At any rate, the relatively large blank value 
of a system without coenzyme I is due to the oxygen uptake by the cyanide 
component, the rate being modified by the system and the time elapsing 
between neutralization and use in the system. Presumably, cyanide at this 
concentration (0.13M/) contributes to the oxygen uptake of a system con- 
taining coenzyme I. 


It was difficult to reconcile these results, using a concentration of 0.4 ml. 
M potassium cyanide, with those of Green (40) in which his Fig. I shows a 
system, of approximately the same volume and containing 0.8 ml. M sodium 
cyanide, which apparently does not consume oxygen. However, Green (42) 
had observed the instability of neutralized cyanide solutions and ‘‘blanks”’ of 
some magnitude, but considered they did not interfere seriously with the 
experiments they were carrying on. Accordingly in all other experiments, the 
cyanide solution was freshly prepared and in all cases the blanks were sub- 
tracted from the empirical oxygen uptake. 


Effect of Substrate Concentration 

Unpurified enzyme preparations produced results that were difficult to 
reconcile with the usual hyperbolic relation between rate of reaction and 
substrate concentration. Later work indicated that ascorbic acid oxidation 
may be a factor interfering in such preparations. A typical experiment with 
a partially purified preparation is shown in Fig. 6. Racemic malic acid was 
used as substrate and the initial velocity of the first 10 min. has been used as 
a criterion of activity. Owing to the use of the racemic mixture the Michaelis— 
Menten constant (K,,) was calculated as one-quarter of a presumed maximum 
velocity indicated in the figure, assuming /(-) malic acid to be the enzyme 
substrate and that the mixture contains 50% of this isomer. The constant 
approximates to 0.04M sodium /(-) malate as compared to 0.022M for the 
oat enzyme (17) and 0.01M for the animal enzyme (40). The high value for 
the wheat enzyme may be due to the use of the racemic mixture, but this yet 
remains to be tested. 
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Removal of Oxalacetate by Transamination 


Both Straub (99) and Potter (87) have used glutamic acid to remove 
oxalacetate by transaminase in the oxidation of malic acid by the cytochrome 
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Fic. 6. Effect of subsirate concentration on malic dehydrogenase activity. 


SysTEM:— 0.3 ml. 0.3 M disodium hydrogen phosphate; 0.5 ml. M hydrocyanic acid; 
0.5 ml. coenzyme I (side arm); 0.2 ml. 0.5% methylene blue; 0.05 to 0.50 ml. 2 M 
sodium dl-malate. Final volume 3.0 ml. . Final pH 8.7. 


ENZYME SOLUTION :— 200 mgm. dried wheat seedlings homogenized in 20 ml. 0.3 M disodium 
hydrogen phosphate, centrifuged. Made supernatant 66% saturated with solid ammonium 
sulphate. Left 24 hr.in the cold. Precipitate filtered and resuspended in 10 ml. 0.3 M 
disodium hydrogen phosphate. Used 48 hr. later. Cyanide blank values in absence of 
substrate subtracted from recorded values. Michaelis-Menten constant Km = Vmax./2. 
Vinax. = maximum velocity of system under the conditions described. 


system. Owing to the possibility that wheat seedling homogenates contained 
a transaminase for glutamic acid, this substance was substituted for cyanide 
in the system. The results of one experiment are shown in Table III. Other 
experiments showed that the effect of glutamate was thermolabile and dialysis 
of the enzyme preparation destroyed its activity. Glutamate apparently 
reacts in the system in a manner similar to cyanide. 

However, it may be argued that either glutamate is removing an inhibitory 
oxidation product of malate, or vice versa, malate is removing an inhibitory 
oxidation product of glutamate. Euler et aj. (37) and Damodaran and Nair 
(32) have established reasonably well that a-ketoglutarate is the first stable 
product of glutamate oxidation in higher plants as well as in other tissues. 
As far as the author is aware, no reaction has been established between malic 
acid and a-ketoglutaric acid that would account for the latter’s removal, 
presuming it was an inhibitory product of glutamic acid oxidation. On the 
other hand, the transamination reaction involving oxalacetate and glutamate 
has been well established (30). Banga and Szent-Gyorgyi (12) first observed 
that the addition of glutamate to minced muscle increased its respiration. 
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TABLE III 


EFFECT OF /(+) GLUTAMIC ACID ON THE ACTIVITY OF THE MALIC DEHYDROGENASE SYSTEM IN 
THE ABSENCE OF A KETONE FIXATIVE 














Treatment bl. oxygen per hr. Treatment wl. oxygen per hr. 
Malate and glutamate 50.0 Glutamate alone 13.0 
Malate alone 14.0 Neither substrate 10.0 














SystEM:— 0.5 ml. phosphate buffer (pH 7.0); 0.75 ml. enzyme solution; 0.25 ml. 0.5% 
coenzyme I;0.25 ml. 2 M sodium dl-malate; 0.3 ml. 0.5 M sodium I(+-) glutamate; 0.3 ml. 
0.1 M nicotinamide; 0.2 ml. 0.5% methylene blue. Final volume 3.0 ml. Final pH 7.5. 


ENZYME SOLUTION:— centrifuged supernatant of 200 mgm. dried whole seedlings homogenized in 
10 ml. 0.3 M disodium hydrogen phosphate. 
Nicotinamide added to protect coenzyme I (See Sect. III). 


Cohen (30) recognizes this effect as evidence for transamination. Adler e¢ al. 
(1) reported a cozymase-linked glutamic acid dehydrogenase of higher plants 
in a previous publication of theirs to which they refer. However, they con- 
clude (1) that their previous suppositions were incorrect and what they 
had actually observed was an activation of the dehydrogenation of a-hydroxy 
acids (e.g. malic acid) in their ‘‘kochsaft’’ by means of a transamination 
involving glutamic acid. It is most probable that Berger and Avery (18) 
were witnessing a similar effect in the coenzyme I-linked glutamic acid dehyd- 
rogenase reported by them to be present in the oat coleoptile. Albaum and 
Cohen (3) have shown that glutamic acid and oxalacetic acid are involved 
in an active transamination system in oat seedling homogenates and this 
reaction is three times as fast as the reverse. Leonard and Burris (67) con- 
tinuing the work of Braunstein and Kritzmann (see review by Cohen (30) ) 
have demonstrated the presence of transamination systems in many plant 
tissues examined, among which wheat germ was one of the most active. 
Thus, the evidence is strongly in favor of the view that glutamate in the 
experiment described in Table III is ‘‘fixing’’ oxalacetate by transamination. 
Cohen (30) describes transamination as the reaction between an a@-amino 
acid and an a-keto acid resulting in the transfer of the amino group from the 
former to the latter. In the case of the reaction between glutamic acid and 
oxalacetic acid, this would result in the formation of a-ketoglutaric acid and 
l(-) aspartic acid. It is this reaction that was considered by the author to 
be responsible for the removal of oxalacetate in unpurified homogenates in 
the absence of cyanide (cf. Fig. 1). Its inactivation by dialysis suggests the 
necessity for a thermostable cofactor that would account for its subsequent 
inactivity after purification or storage, or both. 


Fumarase 


This enzyme, which converts fumaric acid into the substrate for malic 
dehydrogenase and is generally associated physiologically with the latter, 
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is inactive in extracts from dried seedlings. However, extracts from fresh 
seedlings contain the enzyme and apparently the drying procedure results in 
its inactivation. 


II. The Oxidases 
Apparently there are at least five metal protein oxidases that could possibly 


be responsible for the entry of oxygen into the respiratory system of some or 
other of the higher plants (22, 39, 41, 52, 103, 105). These are listed below :— 


1. Polyphenol oxidase — Cu-protein 
2. Laccase — Cu-protein 
3. Ascorbic acid oxidase — Cu-protein 
4. Cytochrome oxidase — Fe-protein 
5. Peroxidase — Fe-protein 


Peroxidase has been included in the oxidases, since Theorell (107) has 
shown that crystalline peroxidase has oxidative capabilities, and in the presence 
of dihydroxymaleic acid behaves analogously to Warburg’s oxygen transmit- 
ting enzyme, characterized by light sensitive carbon monoxide and by cyanide 
inhibition. Its name implies the necessary qualification of thermolabile 
peroxidatic action. Coincidentally, dihydroxymaleic acid contains the stable 
dienol grouping HO.C = C.OH common to ascorbic acid and some orthodi- 
hydroxy compounds like catechol, which are present in many of the higher 
plants (103). 


Unpublished experiments as well as those to be described here indicate 
that ascorbic acid oxidase and peroxidase are ubiquitous in the wheat plant, 
while cytochrome oxidase is evanescent in the embryo. Phenolases such as 
polyphenol oxidase, tyrosinase, and laccase are absent. In ascorbic acid, 
there exists at least one common substrate for all three oxidases. Ascorbic 
acid oxidase functions by definition. Peroxidase can oxidize ascorbic acid 
by the intervention of a flavone (51, 91) and cytochrome oxidase oxidizes 
ascorbic acid via cytochrome c (57, 98). 


PEROXIDASE 


Extracts of dried wheat seedlings, four days old, and fresh seedlings, 46 hr. 
old oxidize pyrocatechol only in the presence of hydrogen peroxidase. That 
this peroxidatic action is due to the operation of a thermolabile heavy metal 
protein (peroxidase) is demonstrated by the effect of heat, cyanide, and azide 
shown in Fig. 7, A and B. 

The oxidation of pyrocatechol was measured in arbitrary units of optical 
density (—logiwT) of the colored oxidation products in the spectrophotometer 
at675 my. Fig. 7, A and B show the progress of oxidation of catechol under 
various treatments with and without hydrogen peroxide. The enzyme from 
the dried seedlings was 70% less active than that from the fresh seedlings. 
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Since the concentrations of dry matter are comparable, it must be assumed 
that either denaturation has occurred during drying, or peroxidase activity 
decreases with age. 
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Fic. 7. A—oxidation of pyrocatechol by dried seedling peroxidase and its inhibition by 
cyanide and azide. 


SystEM:— 0.25 ml. enzyme solution; 0.25 ml. pyrocatechol (30 mgm. per ml.); one drop of 
hydrogen peroxide (20%) added after five minutes. Final volume 4.5 ml. Final pH 7.1. 


ENZYME SOLUTION:— supernatant of 1.2% dried seedling homogenate in 0.15 M disodium 
hydrogen phosphate. 


B—oxidation of pyrocatechol by 46-hr.-old fresh seedling peroxidase and its inhibition by 
cyanide and azide. 


SystEM:— Same as in Fig. 7A except 12% fresh seedling homogenate used. 


The data show that cyanide at a concentration of 3 X 10-*M inhibited 
93% in the dried and 96.5% in the fresh extracts of peroxidase. Apparently 
wheat peroxidase is considerably more sensitive to cyanide than the barley 
peroxidase (53). The latter peroxidase extracted from week-old etiolated 
barley shoots was inhibited only 66% by 0.01M cyanide. Azide at a con- 
centration of 2.5 X 10-°M inhibited the dried wheat peroxidase 42% and the 
fresh preparation 66%. Keilin (55) found that 3 X 10-°M azide inhibited 
horse-radish peroxidase by 70% and the same preparation was completely 
inhibited by 10-* M cyanide. The oxygen consumption of intact isolated 
wheat embryos is inhibited 90% and 75% by 10-* M cyanide and 10-*M azide 
respectively (25). 


With ascorbic acid added to the system containing pyrocatechol, peroxidase, 
and hydrogen peroxide, there is the usual lag period (Fig. 7A) before the 
colored oxidation products of catechol are formed. Previous experiments 
(112) have shown that the lag period bears a linear relationship to the amount 
of ascorbic acid added as was shown by James and Cragg (53) for barley 
peroxidase. It is generally recognized that this lag period is merely the time 
required for all the ascorbic acid to be oxidized by the orthoquinone. With 
exhaustion of ascorbic acid the orthoquinone oxidizes further to colored decom- 
position and polymerization products (41, 53, 103). 
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The absence of any reaction prior to the addition of hydrogen peroxide 
(Fig. 7, A and B) indicates the absence of a polyphenol oxidase, and this has 
been found true of extracts from older leaves and roots. Brown and Goddard 
(25) were unable to demonstrate a polyphenol oxidase or tryosinase in wheat 
germ. Apparently, other cereals such as oats (19) and barley (53) lack pheno- 
lase activity, in contrast to spinach (20) and potato (22). 


CYTOCHROME OXIDASE 


Although several earlier investigators whose work has been reviewed by 
Brown and Goddard (25) had apparently demonstrated in embryonic plant 
tissues and older roots, the presence of what is now called a cytochrome 
system, the isolation of cytochrome c from wheat germ by Goddard (39) 
established its reality in higher plants. The present author has extended 
these observations to cell-free extracts of germinating wheat seedlings using 
ox heart cytochrome c. 


In a typical experiment an extract from 41-hr.-old germinating wheat seed- 
lings was tested with cytochrome c using p-phenylenediamine as substrate. 
The courses of oxygen uptake with the boiled control data subtracted from 
Systems 1, 2, and 6 are shown in Fig. 8. The temperature of this experiment 
was 37°C. The data show that the extract contained an active cytochrome 
oxidase as defined by Keilin and Hartree (57). The boiled control oxidized 
p-phenylenediamine, but at a much slower rate (28 wl. oxygen per hour com- 
pared to 120 wl. oxygen per hour in the unboiled system (112) ). This may 
be due to copper catalysis; Keilin and Hartree (57) state that 0.1 mgm. copper 
as sulphate will cause an oxygen uptake of 560 wl. oxygen per hour with 7/50 
p-phenylenediamine as substrate. Marsh and Goddard (72) have also observed 
a thermostable oxidation of p-phenylenediamine by carrot roots. Even after 
subtraction of the boiled control the considerable thermolabile catalytic effect 
of cytochrome oxidase is demonstrated (Curve 1, Fig. 8). Filtration of the 
enzyme through filter cel lowers the activity to the level of the system without 
added cytochrome (Curve 6, Fig. 8), thus indicating the attachment of the 
enzyme to the insoluble particles of the cell, which were removed in filtration. 


Succinic Oxidase 


Succinic dehydrogenase and its substrate reduce cytochrome c without the 
intervention of a cytochrome reductase and the complete system with cyto- 
chrome oxidase is often called the succinic oxidase system (105). Goddard 
(39) observed an extremely low succinic oxidase activity in wheat germ ex- 
tracts. The system has been demonstrated in extracts from lily pollen (78), 
in the high speed centrifugate of Phaseolus cotyledons (49) and Damodaran 
et al. (33, 34) found that its distribution was restricted to certain species of 
plants depending on their age. The writer has shown it to be present in the 
low speed centrifuged extracts of germinating embryos (Table IV). 
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In Experiment 1, Table IV, sodium succinate was tested in the system 
described in Fig. 8, replacing the substrate. The enzyme solution was the 
same, but was used five hours later. The system used in Experiment 2 is 
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Fic. 8. Oxidation of p-phenylenediamine by an extract from 41-hr.-old fresh seedlings 
containing cytochrome oxidase. 


SystEM:— 1.0 ml.0.15 M phosphate buffer (pH 7.4); 0.4 ml. cytochrome c (CYT 2 X 10-4 
moles per ml.); 0.2 ml. 0.25 M p-phenylenediamine (P.P.D.); 0.5 ml. enzyme solution 
(OX). Final volume 2.8 ml. Final pH 7.4. Temperature, 37° C. Relevant boiled 
controls subtracted. 


ENZYME SOLUTION:— Seeds soaked 15 hr. in tap water, and germinated for a further 26 hr.; 
100 seedlings homogenized in 5 ml. phosphate buffer (pH 7.4). Used supernatant after 
low speed centrifugation. 


TABLE IV 


OXIDATION OF SUCCINIC ACID BY CYTOCHROME ¢ AND WHEAT SEEDLING CYTOCHROME OXIDASE 














ul. oxygen per 30 min. 
System 
Expt. 1 Expt. 2 
Sodium succinate + cytochrome ¢ + oxidase 27.0 20.0 
Sodium succinate + oxidase — 6.0 
Sodium succinate + cytochrome c + boiled oxidase 0.0 0.0 
Cytochrome c + oxidase 2.0 --- 








SystEM:— Expt. 1. Same as Fig. 8. Temperature 37°C. Expt. 2. 1.0 phosphate buffer 
(pH 7.4); b. 5 ml. cytochrome c (1.2 X 10~* mole per ml.); 0.5 ml. enzyme solution; 0.5 ml. 
sodium succinate (8.1 mgm.); 0.1 ml. aluminium chloride (4 X 10° M). Final volume 
2.8 ml. Final pH 7.4. Temperature 37° C. 


ENZYME SOLUTION:— 50 33-hr.-old seedlings homogenized in 10 ml. phosphate buffer (pH 7.4). 
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described in Table IV. Both experiments showed activity in the complete 
system. Aluminium ions were added to each system as a precautionary 
measure (109). 


Effect of Cytochrome c Concentration 


Para-phenylenediamine was used as a substrate in an experiment described 
in Fig.9. The data show that ox heart cytochrome c exhibits its characteristic 
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Fic. 9. Effect of cytochrome c concentration on wheat cytochrome oxidase activity. 


SysTEM:— 1.0 ml. 0.15 M disodium hydrogen phosphate; 0.2 ml. 0.25 M p-phenylenedia- 
mine (side arm); 0.5 ml. enzyme solution; 0 to 1.0 ml. cytochrome c (1.2 X 10~* moles 
per ml.). Final volume 2.8 ml. Final pH 6.75. 


ENZYME SOLUTION:— seeds soaked 15 hr., germinated for a further 51 hr. (total 66 hr.); 
100 seedlings homogenized in 10 ml. 80% ammonium sulphate (pH 4.9). After two 
hours in cold, centrifuged and residue resuspended in 5 ml. 0.15 M disodium hydrogen 
phosphate and again centrifuged. Dialyzed for six hours in the cold against phosphate 
buffer (pH 7.4, 0.15 M) and centrifuged. Used supernatant. 


catalytic effect in its cyclical reduction by substrate and oxidation by oxidase. 
The enzyme in this experiment was partially purified by ammonium sulphate 
precipitation at pH 4.9 and dialysis against phosphate buffer in the cold. 
With added cytochrome c at pH 7.4 it was incapable of oxidizing succinic acid, 
probably owing to the inactivation of succinic dehydrogenase during puri- 
fication. 


Photoreversible Carbon Monoxide Inhibition of Cytochrome Oxidase 


Confirmatory evidence for the presence of cytochrome oxidase was provided 
by the photochemical properties of the succinic oxidase system in the presence 
of carbon monoxide. Cytochrome oxidase is specific for cytochrome ¢ and is 
photoreversibly inhibited by carbon monoxide (57). 
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Two 200 w. incandescent lamps set up in partially submerged beakers 
provided the lighting system for the Warburg flasks. This arrangement, 
though not ideal, made possible the observation of photoreversibility. The 
systems employed and the results are shown in Fig. 10. An air control 
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Fic. 10. Photoreversible carbon monoxide inhibition of wheat cytochrome oxidase catalyzing 
the oxidation of succinic acid by cytochrome c. 


SysTEM:— 1.0 ml. 0.15 M phosphate buffer (pH 7.4); 0.5 ml. cytochrome c (1.2 X 10-4 
moles per ml.); 0.5 ml. enzyme solution; 0.5 ml. sodium succinate (19 mgm., side arm); 
Final volume 2.8 ml.; final pH 7.4. 


ENZYME SOLUTION:— seeds soaked five hours germinated a further 19 hr.; 200 seedlings 
homogenized in 5 ml. 0.15 M phosphate buffer (pH 7.4), centrifuged, used supernatant. 


was used instead of the usual nitrogen control, however, in the extreme case 
of 5% oxygen, a mixture of Nz : O.::19: 1 decreases the activity by only 
20% (25). The characteristic property of this oxidase is amply demonstrated. 
As far as the author is aware, this is the first example of the photoreversible 
carbon monoxide inhibition of cytochrome oxidase extracted from higher 
plants using a physiological substrate, succinic acid. 


Transience of Cytochrome Oxidase 


In the previous experiments and others (113), cytochrome oxidase was 
demonstrated in the cell-free extracts of 30 to 66 hr. seedlings. When the 
corresponding extracts of seedlings, 70 to 80 hr. of age, were tested in a system 
fortified with cytochrome c and substrate, no catalytic effect was observed. 
Cytochrome oxidase apparently disappears from the extracts of growing tissues 
after the third day of development. 


The evanescence of cytochrome oxidase in embryonic tissue has been 
reported by Marsh and Goddard (72) for young carrot leaves, by Merry and 
Goddard (74) for young barley leaves by Albaum and Eichel (4) for oat seed- 
lings, and by Damodaran and Venkatesan (34) for Phaseolus seedlings. In 
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oats (4), the cessation of activity was noted at about 72 hr. However, 
Goddard and his coworkers find that the older roots of both carrot and barley 
maintain a cytochrome oxidase activity, Levy and Schade (68) have demon- 
strated cytochrome oxidase in the white potato, and Damodaran and Venka- 
tesan (34) have found the enzyme in ripening pods of Leguminosae. Older 
wheat roots have not as yet been tested for separate cytochrome oxidase 
activity. If extracts of roots should be found active when prepared free from 
the shoot, then this apparent evanescence of the enzyme in extracts from 
80-hr. whole wheat seedlings arises from factors that originate in the shoots 
alone, but which affect (by inactivation) the mixed extracts when shoots and 
roots are prepared together. If the shoots are capable of contributing a factor 
that stops the activity of the root enzyme, it is possible that the cessation of 
the activity of the shoot itself has the same origin. 


AscorBic AcID OxIDASE 


In some plants, the enzymic oxidation of ascorbic acid is accomplished 
directly by an ascorbic acid oxidase. The subject has been reviewed by 
Szent-Gyorgyi (103), Elvehjem and Wilson (36), Boswell and Whiting (22), 
Green (41), and James (52). In the Gramineae, an ascorbic acid oxidase has 
been found in barley from which species polyphenol oxidase is absent (53). 
James et al. (53, 54) have shown that ascorbic acid can function as a respiratory 
carrier in barley. On this evidence they conclude that ascorbic acid oxidase is, 
most probably, the terminal oxidase of the barley leaf. 


The experiments to be described demonstrate the presence in wheat of an 
ascorbic acid oxidase. The criteria upon which this is established are thermo- 
lability, specificity for ascorbic acid, and inactivation by inhibitors of heavy 
metal enzymes. Later experiments in Section III show that ascorbic acid 
functions as an hydrogen carrier to molecular oxygen for the well established 
malic dehydrogenase — coenzyme I as well as other dehydrogenase systems. 
Polyphenol oxidase is absent and cytochrome oxidase can only be demon- 
strated in the embryonic stages. On this evidence, ascorbic acid oxidase 
may be regarded as the terminal oxidase of the wheat plant, or, at any rate, 
of the leaf. 


James and Cragg (53) found that 10-*M cyanide completely inhibited their 
barium treated preparation of barley ascorbic acid oxidase. In the present 
studies, using barium treatment on an enzyme solution extracted somewhat 
differently, the ascorbic acid oxidase activity showed varying degrees of 
sensitivity towards cyanide and azide (112). Practically complete inhibition 
of oxidase activity by cyanide and azide was attained only in those prepara- 
tions purified as described in Table V and Fig. 12A. Indeed, the author has 
often observed that homogenates, when oxidizing ascorbic acid, exhibit 
varying degrees of response to cyanide. Apparently the response is dependent 
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on other endogenous substrates and cofactors of oxidation. Thus, a stimula- 
tion of the rate of ascorbic acid oxidation by a cyanide treated homogenate 
will result from the addition of malic acid and especially coenzyme I either 
together or separately. Fig. 11 shows the effect of coenzyme I on an untreated 
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Fic. 11. Effect of cyanide and coenzyme I, together and separately on the oxidation of 
ascorbic acid by a seedling homogenate. 


SystEM:— 0.3 ml. 0.15 M disodium hydrogen phosphate; 0.3 ml. 0.02 M potassium 
cyanide; 0.25 ml. 1% coenzyme I (Co. I); 0.1 ml. ascorbic acid (AA.) (pH 6.8, 78ul. 
oxygen); 1.5 ml. enzyme solution. Final volume 3.0 ml. Final pH 7.5. 


ENZYME SOLUTION:— 41-hr.-old seedlings; 100 seedlings homogenized in 10 ml. 0.15 M 
disodium hydrogen phosphate. 


and cyanide treated homogenate. One can only conclude from the evidence 
that cyanide was serving as a ketone fixative in the same manner as described 
in Section I, or removing an inhibitor of ascorbic acid oxidation. Either way, 
the effective concentration of cyanide is reduced below the minimum for the 
complete inhibition of ascorbic acid oxidation whether it be enzymic or other- 
wise. Frankenthal (38) observed a similar effect on the addition of cyanide 
to orange peel juice. It has also been shown that the protective action of 
cyanide on ascorbic acid oxidation may be entirely eliminated in the presence 
of biological extracts (66). 


A source of ascorbic acid oxidase completely inhibited by heat, cyanide, 
and azide was found in the residue of centrifuged homogenates. Apparently 
the enzyme is attached to the insoluble particles of the cell, since it was made 
to pass from them into solution after acid ammonium sulphate treatment. 
The enzyme was found in all parts of seedlings tested and also in green leaves. 
A typical experiment with shoots and roots is shown in Table V. 
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The practically complete inhibition by cyanide and azide and the thermo- 
lability indicate catalysis by a metal protein complex. It is generally agreed 
that ascorbic acid oxidase extracted from squash is dependent on copper for 
its activity (70, 88). 

















160 40 
A ¢ us 
120 130 
E r 
€ ° ° . 
2B / ° 
tie, 80}- re) -—| 20 > 
“I °o 
° } / /2 3 
a re) La max. 5 
> 40 / 410 
,O 
“ | ! | J | 
10) 05 1-0 Oo 0:027 0054 008! 
ml. enzyme solution Molarity of ascorbic acid 


Fic. 12. A—Effect of enzyme concentration on ascorbic acid oxidase activity. 
SystEM:— 0.5 ml. phosphate buffer (pH 6.0); 0.5 ml. ascorbic acid (24 mgm. per ml., pH 
6.0); 0 to 1.5 ml. enzyme solution. Final volume 3.0 ml. Final pH 6.0. 


ENZYME SOLUTION:—100 seven-day-old shoots and roots homogenized in water, centrifuged. 
Residue treated with 15 ml. saturated ammonium sulphate (pH 4.9). Left overnight in 
the cold. Centrifuged, residue extracted twice with water. 


B—Effect of substrate concentration on ascorbic acid oxidase activity. 


SystEM:— 0.5 ml. phospate buffer (pH 6.0); 0.5 ml. enzyme solution; 0.05 to 1.5 ml. 
ascorbic acid (24 mgm. per ml., pH 6.0). Finalvolume3.0ml. Final pH 6.0. Two 
experiments. 

ENZYME SOLUTION:— same as described in Fig. 12A. 


TABLE V 


ASCORBIC ACID OXIDASE, ITS THERMOLABILITY AND INHIBITION BY CYANIDE AND AZIDE 














ul. oxygen per 40 min. 

Treatment 
Shoots Roots 
None 35.5 36.5 
Boiled enzyme + 7.0 + 8.0 
2 X 10-3 M potassium cyanide +12.0 ee 
4 X 107° M sodium azide 0.0 + 6.0 











SystEM:— 0.5 ml. 0.15 M disodium hydrogen phosphate; 0.5 ml. 0.024 M ascorbic acid 
0.5 ml. respective enzyme solution; 0.025 ml. 0.25 M potassium cyanide; 0.025 ml.0.5 M 
sodium azide. Final volume 2.75 ml. Final pH 6.3. 

ENZYME SOLUTION:— Shoots:— 100 96-hr.-old shoots (2.6 gm.) homogenized in 10 ml. water. 
and centrifuged. Five ml. saturated ammonium sulphate (pH 4.9) added to residue. Stored 
overnight in the cold and precipitate resuspended in 5 ml. water. Roots:— from same seed- 
lings G1 gm.) and treated as described for shoots. 


Positive oxygen uptake indicates apparent oxygen evolution. 
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Effect of pH 


While the pH relations of the wheat enzyme yet remain to be thoroughly 
investigated, preliminary experiments showed that the pH optimum was on 
the acid side as found by Tauber ef a/. (106) for the squash enzyme. The 
effect of pH on the activity of a partially purified enzyme solution is shown 
in Table VI. This solution was prepared in a slightly different manner from 


TABLE VI 


EFFECT OF pH ON ASCORBIC ACID OXIDATION 








pH 5.0 


wn 
— 
on 


9.22 5.40 5.90 6.50 6.90 





Activity (ul. oxygen per 
20 min.) 1.0 4.0 10.0 14.5 24.0 33.0 32.0 











SystEM:— 1.0 ml. of different phosphate buffers; 2.0 ml. enzyme solution; 0.2 ml. ascorbic acid 
(60 mgm. per ml., pH 5.5). Final volume 3.2 ml. 


ENZYME SOLUTION:— shoots, six days old, ground in a mortar with saturated ammonium sulphate 
(pH 4.9). Left in the cold overnight and centrifuged. Residue extracted with water and 
centrifuged. 


those in which thermolability and inhibition by heavy metal poisons are 
exhibited. Asa result the activity included a thermostable component of the 
order of 25%. Since the thermostable catalysis does not show the pH 
optimum characteristic of the enzyme owing to the formation of an unstable 
decomposition product at a high pH, this would account for the considerable 
activity shown at pH 6.9 by this enzyme solution. 


Effect of Enzyme Concentration 


Fig. 12A shows that the activity of the ascorbic acid oxidase is directly 
proportional to its concentration. The oxidation in this case was completely 
thermolabile. In the absence of enzyme solution, oxidation proceeded ata 
higher rate than in the presence of a small amount. Extrapolation of the 
data indicates that only a trace of the enzyme solution is sufficient to 
protect that quantity of ascorbic acid from oxidation. Barron et al. (14) 
would describe this wheat extract, containing an active ascorbic acid oxidase 
as one possessing no inhibitory mechanism for the oxidation of ascorbic acid; 
but such is evidently not the case. Observations briefly discussed in Section 
III (p. 38) suggest that this protection is probably due to stabilization of the 
molecule by protein attachment. However, the protection cannot be due to 
ascorbic oxidase since the system was operating with an excess of substrate 
at all enzyme concentrations. Therefore, some other protein in the category 
of thermolabile inhibitors must be responsible for the protection. 


Effect of Substrate Concentration and Other Properties 


Two experiments described in Fig. 12B show that the velocity of ascorbic 
acid oxidation is practically independent of substrate concentration. Tauber 
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et al. (106) showed this to be true of the squash enzyme and Hopkins and 
Morgan (50) stated that the form of the progress curve of ascorbic acid oxida- 
tion by the cauliflower enzyme would suggest a very low Michaelis constant. 
As far as the author is aware no data have been given for the K,, of ascorbic 
acid oxidase. In these experiments Vmax/2 (Fig. 12B) would give a value 
of 5 X 10-* M for the constant. The lowest value reported by Baldwin (9) 
is 3 X 10-5 M for xanthine oxidase. 


The enzyme solution in this experiment actively oxidized ascorbic acid, 
but not catechol, nor p-phenylenediamine even in the presence of cytochrome c. 
The oxidation of ascorbic acid was thermolabile and inhibited by 2 KX 10-°M 
cyanide and. 4 X 10-* M azide. Thus, the enzyme responsible for the oxida- 
tion can be regarded as a metal protein complex, most probably a Cu-protein, 
conforming to the requirements of an oxidase (36). No hydrogen peroxide is 
formed in the reaction catalyzed by the squash enzyme (97). 


One experiment was conducted to determine the effect of carbon monoxide 
on the ascorbic acid — ascorbic acid oxidase system. In comparison with an 
air control, an atmosphere of 95% carbon monoxide: 5% oxygen decreased 
the activity by 82%. It is unlikely that the activity would be reduced by 
this amount in a nitrogen atmosphere containing 5% oxygen; therefore, the 
inhibition may be considered real. Since carbon monoxide combines only 
with the cuprous ion (Cu*) of copper, it suggests that the copper, if present, 
in this enzyme undergoes cyclical oxidation and reduction during its catalytic 
activity as does the well known Cu-protein, polyphenol oxidase. If the 
inhibition is real, then this is the first evidence of carbon monoxide sensitivity 
on the part of an ascorbic acid oxidase. 


III. The Respiratory Carrier Function of Ascorbic Acid and a 
Pigment 


PREVIOUS EVIDENCE FOR THE CARRIER FUNCTION OF ASCORBIC ACID 


During investigations on the peroxidase of higher plants Szent-Gyorgyi (100) 
noticed a reducing factor in the freshly prepared extracts of cabbage leaves. 
Since the factor could be reversibly oxidized by peroxidase and was reduced 
anaerobically, he suggested that it functioned as a catalytic hydrogen carrier 
between peroxidase and other reducing systems. The reducing factor, now 
known as ascorbic acid, was isolated and subsequently its molecular con- 
figuration was determined, among others, by Herbert et al. (48). 


The demonstration of a direct oxidase catalyzing the oxidation of ascorbic 
acid in higher plants (50, 101, 102, 106) led to the conclusion that ascorbic acid 
may act in a similar capacity, in plants, to that of cytochrome in animals, and 
that it was responsible also for the entry of oxygen into the respiratory mech- 
anism of the plants concerned. But only a few plants were known to 
contain the complete ascorbic acid — ascorbic acid oxidase system (11, 103). 
However, it has since been shown that ascorbic acid can reduce the flavone- 
peroxidase system (51, 91), the catechol — catechol oxidase system (58), the 
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cytochrome c — cytochome oxidase system (57, 98), and also unpurified laccase 
(59). Thus, ascorbic acid can be indirectly oxidized by the terminal oxidases 
of most, if not all, tissues, and since in plants it occurs mainly in the reduced 
state its role has been suggested to be that of a respiratory carrier (60, 101). 
In animal tissues, ascorbic acid appears to be associated with the mitochondria 
to which it may be possible to ascribe a respiratory function (23). There is 
ample evidence that ascorbic acid exists, notably in the adrenal medulla, in 
its reversibly oxidized form, which can readily be reduced under the influence 
of narcotics, shock, and great emotion, accompanied by a liberation of 
adrenalin (24). 

While the enzymic oxidation of ascorbic acid is relatively simple to demon- 
strate in plants, the demonstration of a system or systems responsible for the 
reduction of dehydroascorbic acid presents a more difficult problem. Szent- 
Gyorgyi (100) found that the Schardinger enzyme and succinic dehydrogenase 
were unable to reduce oxidized hexuronic acid (dehydroascorbic acid), but it 
could be reduced by Hopkins’ glutathione system. 


Hopkins and Morgan (50) continued investigations on this reaction and 
showed that glutathione, under certain conditions, protected ascorbic acid 
from oxidation by a cauliflower extract containing an ascorbic acid oxidase. 
Their researches culminated in the demonstration of a dehydroascorbic acid 
reductase catalyzing this reaction (31). Pett (85) showed that the sprouting 
of potatoes was associated with a simultaneous large increase in ascorbic 
acid and glutathione. Pfankuch (86) has presented evidence for the presence 
of a dehydroascorbic acid reductase, cooperating with cysteine, in potato 
juice. Kohman and Sanborn (61) have also presented evidence for a dehydro- 
ascorbic acid reductase in leguminous seeds, but their work suggested that it 
was not glutathione, but another system that was oxidized by dehydro- 
ascorbic acid. 

In a number of plants including wheat, Bukin (27) related the glutathione — 
ascorbic acid system to coenzyme I on the basis of an ascorbic acid reductase 
(dehydroascorbic acid reductase) and the evidence that oxidized glutathione 
was energetically reduced by dihydrocoenzyme I in a simple nonenzymic 
reaction. Meldrum and Tarr (73) had previously shown that oxidized 
glutathione could be reduced by the Warburg-Christian hexosemonophosphate 
— coenzyme II system, but the rate of reduction was considerably slower than 
with other carriers. Ames and Elvehjem (5) found that coenzyme I increased 
the rate of enzymic oxidation of glutathione in mouse kidney homogenates. 
They also presented evidence to show that ascorbic acid catalytically stimu- 
lated the rate of oxidation of reduced glutathione both in the presence and 
absence of cytochrome c. Stotz et al. (98) found no evidence for ascorbic 
acid being an essential intermediate in the reaction of glutathione with oxygen 
in guinea pig liver brei, either through the cytochrome system or in the 
presence of copper. 


Thus, it appears that the glutathione — ascorbic acid system catalyzed by a 
dehydroascorbic acid reductase is associated mainly with plants and only 
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with some particular animal tissues. The evidence for the cooperation of 
glutathione with coenzyme-linked reducing systems is contradictory and is 
based in plants on the premise of a nonenzymic reaction. Glutathione, 
therefore, has not as yet been assigned a carrier role in the respiratory system 
of carbohydrate metabolism in either plants or animals, but it is suggested 
that it serves as a regulator for many systems that seem to depend for their 
activity on sulphydryl groups (36). 

On the other hand, many different considerations suggest that ascorbic acid 
plays an integral part, certainly, in the growth and probably in the respiratory 
metabolism of higher plants. Some of these may be enumerated: (1) the very 
wide, possibly universal, distribution of ascorbic acid in plants; (2) the presence 
of ascorbic acid oxidase in plants of various systematic positions; (3) the 
indirect oxidation of ascorbic acid by most, if not all, terminal oxidases; 
(4) the complete disappearance of ascorbic acid from tissues that have suffered 
irreversible wilting (113); (5) the coincident high concentration of ascorbic acid 
and pigmentation, especially at altitude (29, 60, cf. 80); (6) the coincident high 
concentration of ascorbic acid and pigmentation induced in tomato plants by 
phosphorus deficiency resulting from lack of root aeration (113). 


Zilva et al. (116) consider that in the apple ascorbic acid acts as a carrier 
between the catechol oxidase system and some other unknown system. 
Kohman and Sanborn (61) had to postulate the presence in peas of a system, 
other than glutathione, reducing dehydroascorbic acid. 

The most significant evidence for the role of ascorbic acid in respiratory 
metabolism has been developed by the Oxford School under James (52,53,54). 
Having demonstrated an ascorbic acid oxidase in barley, James and Cragg (53) 
investigated systems reducing ascorbic acid. Among many substrates tested 
in their barley extracts, only a-hydroxy acids, especially lactic, but not malic 
acid, were active. The activity of lactic and the inactivity of malic acid was 
explained by analogy with yeast, in which organism malic dehydrogenase 
requires coenzyme | whereas, in contrast to the corresponding animal enzyme, 
the lactic dehydrogenase does not. In one or two experiments an increase 
in the rate of oxidation of ascorbic acid was brought about by coenzyme I, 
which was further increased by the addition of hexosediphosphate. Thus, it 
appears that the ascorbic acid system can also catalyze the oxidation of the 
hexosediphosphate — coenzyme I system (54). Crook and Morgan (31) were 
unable to demonstrate the participation of glutathione in the lactic dehydro- 
genase — ascorbic acid system of barley. The work of James ef al. (53, 54) has 
provided the first evidence for physiological systems other than glutathione, 
reducing the ascorbic acid system, and it brings into prominence once again 
the respiratory function of ascorbic acid. 

The systematic relationship of wheat to barley and the similarity of their 
oxidizing systems suggested to the author that ascorbic acid may function as a 
respiratory carrier in wheat. Accordingly an attempt was made to reconstruct 
the well established malic dehydrogenase — coenzyme I system as well as other 
dehydrogenase systems with the ascorbic acid system and molecular oxygen. 
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THE MopeE AND PATHWAY OF ASCORBIC ACID OXIDATION 


In experiments, hitherto undescribed and relating to the enzymic and 
nonenzymic oxidation of ascorbic acid by wheat extracts and homogenates, 
the complexity of the oxidation was clearly demonstrated. The effect of pH, 
boiling, the addition of dicarboxylic acids, and ketone fixatives either together 
or separately, in one way or another, affected the rate of oxidation. While a 
great deal depends on the interaction of these factors, in general, it may be 
stated that the acids tended to inhibit and ketone fixatives tended to activate 
the rate of oxidation of ascorbic acid. Apparently a-ketonic acids, in general, 
inhibit ascorbic acid oxidation and their removal by fixatives abolishes the 
inhibition thus producing an apparent activation. 


From these observations and from the studies of other laboratories (14, 15, 
21, 98) it is possible to postulate that there are four types of mechanisms 
affecting the rate of ascorbic acid oxidation in wheat extracts, all in some 
manner dependent on pH. 

Factors affecting ascorbic acid oxidation in wheat extracts. 
1. Activators 
(a) Thermolabile—ascorbic acid oxidase, peroxidase, cytochrome 
oxidase. 
(b) Thermostable—copper and haemochromogens. 


2. Inhibitors 





(a) Thermolabile—absorption and stabilization by proteins, probably 
in combination with a dehydroascorbic acid reductase. 


(b) Thermosiable 





alpha-ketonic acids. 


The mode and pathway of ascorbic acid oxidation is considered to follow 
that described by Herbert et al. (48) since it has not been proved otherwise 
and has been confirmed in general (14, 21, 84). Ascorbic acid can undergo 
two stages of oxidation. The primary reversible oxidation product is dehydro- 
ascorbic acid, which is the lactone of 2,3-diketo-/-gulonic acid and is capable 
of reacting in the form of the latter which may be considered as the primary 
irreversible oxidation product. Salts of diketogulonic acid have since been 
isolated (84) establishing the correctness of the view of Herbert et al. (48). 
The second stage of oxidation involves a cleavage of diketogulonic acid into 
oxalic and /(-) threonic acids. It has been established that the two stage 
oxidation of ascorbic acid involves the uptake of one molecule of oxygen, each 
stage utilizing one half molecule. 


The reversible oxidation of ascorbic acid depends upon the maintenance 
in the primary oxidation product, of the lactone ring, which protects the dienol 
group from oxidation (21, 48, 103). In aqueous solution this is dependent 
upon the pH. Below pH 5.0 the primary oxidation product is completely 
reversible by hydrogen sulphide (14), but in neutral or alkaline solution its 
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destruction is extremely rapid (10). Later experiments indicate the presence 
of a mechanism for the protection of the reversibly oxidized form in wheat tissue 
extracts even at alkaline reaction. This mechanism is thought to be a thermo- 
labile inhibitor, which is probably related to a considerably more efficient 
protector in vivo. 


Contrary to the views of the Szent-Gyorgyi school (51, 91, 103) the oxidation 
by ascorbic acid oxidase consumes 3 mol. of oxygen per mol. ascorbic acid and 
does not involve hydrogen peroxide formation. On the other hand, the evi- 
dence appears to be in favor of hydrogen peroxide formation in the non- 
enzymic copper catalyzed primary oxidation, which also involves a net uptake 
of $ mol. of oxygen per mol. of ascorbic acid (15, 97). The catalytic effect of 
copper depends on its cyclical oxidation and reduction (15). This is also true 
of the Cu-protein polyphenol oxidase, which does not form hydrogen peroxide 
in its reaction with catechol (22, 41). If, as appears very probable, ascorbic 
acid oxidase is a Cu-protein (70, 88) then the protein moiety of the enzyme 
confers some additional power on the copper which prevents the formation 
of hydrogen peroxide in its enzymic reaction with ascorbic acid. It would be 
difficult to show protein specificity for this assignment and hence the proba- 
bility of hydrogen peroxide formation in wheat tissue extracts actively oxidizing 
ascorbic acid by a combination of a thermostable copper catalyzed mechanism 
and ascorbic acid oxidase is still open to question. 


THE OXIDATION OF THE MALIC DEHYDROGENASE-COENZYME I SysTEM 
BY THE AscorBIC ACID SYSTEM 

Criteria 

The mode and pathway of ascorbic acid oxidation is so different from that 
of methylene blue that quite different criteria are required in order to demon- 
strate carrier function. One must distinguish between the oxygen uptake 
due to ascorbic acid alone and that due to the substrate, in this case malic acid. 
Therefore, satisfactory evidence for the participation of ascorbic acid as a 
carrier, beyond that of an increased initial velocity is available only when it 
can be clearly demonstrated that the oxygen uptake exceeds the theoretical 
oxygen equivalent of ascorbic acid. The controls designate the course of 
oxygen uptake, and whether the oxidation involves one or both stages is 
dependent on the pH. On the acid side, oxidation to the primary irreversible 
oxidation product is predominant, whereas on the alkaline side the oxidation 
proceeds rapidly through both stages. The enzyme solutions employed were 
relatively unpurified and contained peroxidase and catalase, as well as ascorbic 
acid oxidase and a thermostable component, probably copper, active in the 
oxidation of ascorbic acid. The criteria hold regardless of the formation of 
hydrogen peroxide, which in the presence of peroxidase and ascorbic acid may 
possibly decrease the oxygen/ascorbic acid ratio to intermediate levels, but 
would never increase the ratio above that designated theoretically. In such 
cases the rigor of the criteria is increased. 
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Effect of Coenzyme I 


Preliminary experiments (112, 113) showed that the rate of oxidation of 
ascorbic acid by low speed centrifuged homogenates from all parts of the 
wheat plant was activated by coenzyme I, presumably by cooperating with 
endogenous substrate. However, if malate or lactate were added, the activa- 
tion by coenzyme I was abolished. Glutamate had no effect. The author 
has concluded (112) that the relatively high concentration of ascorbic acid 
(15 X 10-* M) in the system: enzyme solution—coenzyme I-ascorbic acid 
maintained the coenzyme I in its reduced form. The dihydrocoenzyme I then 
catalytically maintained an endogenous a-keto compound metabolically linked 
to coenzyme I, such as oxalacetate, in its reduced (i.e. malate) form, thus 
removing a potential inhibitor of ascorbic acid oxidation. The addition of 
malate drives the reaction towards the production of oxalacetate, thus over- 
bearing the effect of coenzyme I. The indifferent effect of glutamate was 
probably due to the fact that it does not cooperate with coenzyme I (Table III). 
Whatever mechanism is responsible for the observed effect, the conclusion 
cannot be avoided that coenzyme I alone exerts an effect that is significant 
and thermolabile, indicating the participation of some coenzyme I-linked 
system. Apparently, if malate is to be oxidized, steps have to be taken to 
remove the oxidation product that was found to be inhibitory in the experi- 
ments described in the first section. 


Effect of Ketone Fixatives 


Mention has been made of the fact that ketone fixatives, which included 
hydroxylamine, semicarbazide, hydrazine sulphate, and cyanide, invariably 
accelerate the rate of ascorbic acid oxidation by wheat tissue homogenates, 
especially in the presence of coenzyme I (Fig. 11). Such ketone fixatives have 
also been shown to remove oxalacetate from the malic dehydrogenase — 
coenzyme I — methylene blue system in the same manner as does cyanide 
described in Section I (p. 20). In all experiments with unpurified homo- 
genates these ketone fixatives increased the rate of ascorbic acid oxidation 
by malic acid, but only in the presence of coenzyme I. However, the aug- 
mentation showed varying and as yet inexplicable degrees of thermostability. 
While the author considers that this does not rule out the enzymic partici- 
pation in the unboiled system, it is clearly preferable to observe unequivocal 
thermolability as a guarantee of the system’s biological origin. Because of 
the evident complications in this regard these experiments were discontinued 
for the present. 


The Effect of Glutamic Acid 


The participation of glutamic acid in a transaminase reaction removing 
oxalacetate from the malic dehydrogenase - coenzyme I system has been 
discussed in Section I (p. 23). The experiments now to be considered indicate 
its importance in demonstrating a thermolabile carrier role for the ascorbic 
acid system in the oxidation of the malic dehydrogenase — coenzyme I system. — 
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Szent-Gyorgyi (102) observed an active oxygen uptake by fresh cabbage 
juice made alkaline and this he attributed to endogenous ascorbic acid. The 
present author has made similar observations (113) and since the pH optimum 
of malic dehydrogenase is on the alkaline side it was decided to examine the 
effect of malic acid and coenzyme I on an extract from wheat leaves made 
alkaline, with and without ascorbic acid. 


An enzyme solution of crude chloroplasts from leaves was prepared as 
described in Fig. 13. It was impossible to decant the juice from the residue 
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Fic. 13. Effect of malic acid and coenzyme I on crude chloroplasts of leaves. 


SystEM:— 1.0 ml. 0.15 M disodium hydrogen phosphate; 0.5 ml. enzyme solution (boiled 
or unboiled); 0.2 ml. ascorbic acid (12 mgm. per ml., pH 6.8, side arm); 0.15 ml. 1% 
coenzyme I; 0. 5 ml. 0.5 M sodium I(—) malate (Me 1L). Final vol. 3. O ml. Final 
pH 7.65. 


ENzyME SoOLuTION:— four-weeks-old green leaves, juiced, filtered through cheesecloth, centri- 
fuged. Green chloroplastic residue plus a small amount of residual juice resuspended 
in 10 ml. 0.15M disodium hydrogen phosphate. (Alkaline suspension of broken and 
whole chloroplasts.) Ascorbic acid (AA) added from side arm at time indicated by 
arrow. 


completely and so some of the juice was withheld and mixed in with the 
alkaline phosphate buffer. The effect of malic acid, and coenzyme I, was 
tested on the oxidation of ascorbic acid by this enzyme solution at pH 7.65. 
The results are shown in Fig. 13. Prior to the addition of ascorbic acid after 
20 min. to the complete unboiled system, oxygen uptake of a considerable 
magnitude occurred in contrast to that in the absence of malic acid and also 
the boiled systems. Addition of ascorbic acid resulted in an increased oxygen 
uptake, which was greatest in the complete unboiled system. The empirical 
data show that malic acid and coenzyme I, together, increase the rate of 
oxidation of ascorbic acid by the enzyme solution. The effect is thermolabile 
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as is also the increased activity of the system with coenzyme I alone. The 
results suggest that the oxygen uptake of the systems prior to the addition of 
ascorbic acid is mainly due to endogenous ascorbic acid, which would have 
completely degraded to irreversible products in the boiled enzyme solutions. 
Thus, it may be considered that the oxidation of ascorbic acid is being cata- 
lytically stimulated by malic acid and coenzyme I or that ascorbic acid is 
functioning as a carrier for the oxidation of the substrate malic acid. If the 
latter is so, then some mechanism must be operating to remove its inhibitory 
oxidation product. In supplementary experiments using a centrifuged residue 
more cleanly separated from the supernatant, the activation by malic acid 
was either absent or much reduced. Thus, there was some factor in the 
supernatant that participated in the augmentation of rate by malic acid. 
Subsequent experiments support the hypothesis that this factor is glutamic 
acid. 

An experiment was carried out to test the effect of glutamic acid, malic acid, 
and coenzyme I on the oxidation of a catalytic amount of ascorbic acid (80 yl. 
oxygen) by a root homogenate at pH 6.7. The results are shown in Fig. 14. 
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Fic. 14. Effect of malic acid, glutamic acid, ascorbic acid, and coenzyme I on the oxygen 
uptake of a root homogenate. 


SysTEM:— 0.5 ml. phosphate te (pH 6.7); 0.5 ml. enzyme solution; 0.05 ml. ascorbic 
acid (AA 12 mgm. per ml., pH 6.8); 0.5 ml. 0.5 M sodium I(—) malate (MAL); 
0.5 ml. 0.5 M sodium u+) glutamate (GLUT); 0.2 ml. 0.5% coenzyme I. Final 
volume 3.0 ml. Final pH 6.75. 

ENZYME SoLuTion:— Roots of four-day-old seedlings homogenized in phosphate buffer 
(pH 6.7) and centrifuged to remove cell debris. 1/2 mol. Oz and 1 mol. Os» represent the 
theoretical oxygen equivalent of the ascorbic acid ‘udded at time indicated by arrow. 


The significant acceleration of oxygen consumption by the combined effect 
of malic acid, coenzyme I, and glutamic acid is at once apparent. The increase 
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that occurred prior to the addition of ascorbic acid was presumably again at 
the expense of endogenous ascorbic acid as in the experiment in Fig. 13, 
since the ultimate rate of oxygen uptake of all systems except that with 
ascorbic acid alone approximated the initial. The incomplete systems began 
to show decreased activity after an ascorbic acid equivalent of 4 mol. of 
oxygen had been consumed, corresponding to the first stage of oxidation 
characteristic of this pH. Accordingly, the increased oxygen uptake of the 
complete system is construed as evidence for the cyclical oxidation and reduc- 
tion of ascorbic acid resulting in an enhanced rate of oxidation and greater 
total oxygen uptake. The question of whether malic or glutamic acid was 
contributing the hydrogen to support the respiration of the complete system 
is answered by the glutamate and coenzyme I control, which shows little dif- 
ference from the other controls. There is little doubt that glutamate was 
removing the inhibitory oxidation product of malic acid by the transamination 
reaction described in Section I (p. 23). 


The progress curve of oxygen uptake for the system containing ascorbic 
acid alone (Fig. 14) shows a break after an ascorbic acid equivalent of 3 mol. of 
oxygen has been consumed. It is the author’s opinion that this break, which 
has been observed in other experiments (112, 113), is related to the fact that 
diketogulonic acid only degrades oxidatively after all the ascorbic acid has 
been oxidized (10,50). Apparently, complete removal of ascorbic acid results 
in a triggerlike effect on the oxidation of this primary irreversible oxidation 
product. The controls that did not show this effect contain additional com- 
ponents that either prevented the triggerlike action or by their tendency to 
promote catalytic hydrogen transfer from endogenous factors delayed the 
phenomenon so that it was overlooked. Later experiments revealed that 
this one-stage oxidation was only characteristic of systems at the acid side of 
neutrality. In the case of alkaline systems, the total oxygen uptake of a 
complete system was in excess of the two stage oxidation. 

Supplementary experiments had demonstrated the thermolability of the 
malate — coenzyme I — ascorbic acid system. However, demonstration of the 
thermolability of the complete system as shown in Fig. 14 would place the 
onus of the accelerated oxygen uptake squarely on the shoulders of enzyme 
catalysis. Accordingly, the experiment was repeated some six hours later, 
using the same enzyme solution, with such a control. The results are shown 
on the same scale in Fig. 15. Diethyldithiocarbamate, a specific copper 
inhibitor (36), was also tested in the system. In addition, there was included 
a boiled control of the complete system without malic acid. 

The data in Fig. 15 show that the increased oxygen uptake of the complete 
system was abolished by boiling the enzyme solution. Furthermore, the 
over-all activity of the complete unboiled system was reduced by at least 
15% from that observed some six hours earlier. Moreover, there was little 
or no oxygen uptake prior to the addition of ascorbic acid in contrast to the 


previous experiment. This further supports the view that such oxygen 
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uptake is due to endogenous ascorbic acid, since one would expect that com- 
ponent to be degraded rapidly on standing in air at room temperature and at 
alkaline pH. It was on such evidence that previous remarks (p. 15) were 
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Fic. 15. Thermolability of the malic — coenzyme I — ascorbic acid system activated by 
glutamic acid, and its inhibition by diethyldithiocarbamate. 


SysTEM AND ENZYME SOLUTION is the same as that described in Fig. 14 with an additional 
flask containing the complete system and 0.2 ml. of diethyldithiocarbamate (DDC) 
2.5 mgm. per ml.). The experiment was conducted six hours later than that in Fig. 14. 


based concerning the preincubation effect observed by Berger and Avery (17) 
in the malic dehydrogenase — coenzyme I system of the oat coleoptile. In 
the present experiment, the potentially oxidizable endogenous substrate had 
practically disappeared during a period of six hours when left open to the air, 
and the over-all activity had decreased considerably. Other experiments (113) 
have shown that if the enzyme solution is preincubated im vacuo, its initial 
activity is maintained for as long as 12 hr. Such properties are indicative of 
the presence of endogenous ascorbic acid. The ultimate degradation products 
of ascorbic acid oxidation are oxalic acid and threonic acid (48). The former, 
together with the intermediate degradation product, diketogulonic acid, are 
probably potential inhibitors of active enzyme systems. Jn vivo oxalic acid 
is removed to the cell vacuole by precipitation as calcium oxalate and this more 
often occurs as the cell is nearing death, at which stage there is a concomitant 
decrease in ascorbic acid content. It is therefore very probable that these 
decomposition products of ascorbic acid account for the decreased over-all 
activity of the system in Fig. 15 as compared to the one tested a few hours 
earlier (Fig. 14), and that they are the inhibiting compounds referred to by 
Berger and Avery (17). 

Diethyldithiocarbamate at the concentration employed inhibits the oxygen 
uptake of the complete unboiled system by 75%, to a rate 40% of the 
complete boiled system. Since this compound is a specific copper inhibitor 
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(36) it may be concluded that the thermolabile entry of oxygen into the 
system is totally catalyzed by a Cu-protein but only 60% of the thermostable 
entry of oxygen is copper-catalyzed. 


These experiments provide sufficient evidence to establish the carrier func- 
tion of ascorbic acid in the oxidation of malic acid by the malic dehydrogenase — 
coenzyme I system. Thus, it may be postulated that ascorbic acid can 
mobilize the hydrogen from the coenzyme I-linked dehydrogenases. Subse- 
quent experiments are confirmatory, and also show the effect of some factors 
on this function of ascorbic acid. Its position in the respiratory carrier system 
will be discussed later. 


Glutathione appeared not to be a necessary component when added to a 
system as described in Fig. 14. It was therefore omitted from subsequent 
experiments and assumed to play a secondary role if any. 


Since coenzyme I is a necessary catalytic factor in the complete system, 
it follows that in its absence only ascorbic acid will be oxidized. Thus, a 
control without coenzyme | will serve to test the functioning of ascorbic acid 
as a carrier. Hence, in most subsequent experiments only one control, that 
is, the complete system minus coenzyme I, has been employed. 


Effect of pH 

The complete system and a control minus coenzyme I were tested at three 
pH values. The results are shown in Fig. 16. The coenzyme | effect cannot 
be demonstrated at the lowest pH, but at the higher values, pH 6.7 and pH 
7.5, it increases correspondingly. At pH 9.0 (Fig. 17) the effect is still more 
striking. The pH effect is most probably related to the fact that the malic 
dehydrogenase — coenzyme I system shows a pH optimum on the alkaline 
side (Fig. 3). Moreover, it is quite probable that at an alkaline pH, in 
the presence of endogenous calcium, some organic and perhaps inhibitory 
acids are more readily precipitated, in which case their effect on the system 
would be alleviated. 


The controls show the course of oxidation of ascorbic acid at the three pH 
values in the presence of all the components of the system except coenzyme I. 
Only that control at the highest pH appears to be proceeding through both 
stages of oxidation. 


Effect of Nicotinamide 

Mann and Quastel (71) reported that nicotinamide inhibited the breakdown 
of cozymase by tissue homogenates. Accordingly, it was decided to test its 
effect when added prior to homogenization. The results of such an experiment 
in which one lot of embryos was homogenized in 1% nicotinamide and a control 
homogenized in water, are shown in Fig. 17. The complete system showed 
an increased activity due to nicotinamide, which probably results from the 
protection of added coenzyme I. The controls without coenzyme I show little 
or no difference, although the total oxygen uptake of each of these controls 
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is greater than the theoretical amount required for the two stage oxidation 
of the added ascorbic acid, thus indicating participation of endogenous 
coenzyme I. The controls without malic acid and coenzyme I consumed 
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Fic. 16. Effect of pH on the malic — coenzyme I — ascorbic acid system. 


SysteM:— 1.0 mil. of respective phosphate buffer; 0.5 ml. enzyme solution; 0.1 ml. ascorbic acid 
(AA, 6 mgm. per ml., pH 6.8); 0.5 ml. 0.5 M sodium I(—) malate; 0.5 ml. 0.5 M 
sodium I(+-) glutamate; 0.1 ml. 1% coenzyme I. Final volume 3.0 ml. 


ENZYME SOLUTION:— 100 roots, eight days old homogenized in 10 ml. water. Centrifuged 
to remove cell debris. 


the theoretical equivalent of oxygen. The two previous experiments serve to 
establish without any doubt the validity of the relationship between coenzyme 
I and ascorbic acid. 


Loss of Ascorbic Acid to the System 


Further confirmation of the carrier function of ascorbic acid rests on the 
demonstration that part of it or its reversibly oxidized form remains in the 
complete active system after the oxygen equivalent of the two stage oxidation 
of the added ascorbic acid has been consumed. Determinations were made 
on the amount of ascorbic acid and dehydroascorbic acid remaining in a system 
similar to that in Fig. 17 and whose control without coenzyme I had oxidized 
the added ascorbic acid completely through the two stages. 

The data given in Table VII show that the complete system apparently 
oxidized more ascorbic acid than had been added initially and still contained 
a small, but measurable amount of dehydroascorbic acid. On the other hand 
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the control without coenzyme I showed no apparent increase in ascorbic 
acid used and neither ascorbic acid nor dehydroascorbic acid was present 
at the final analysis. Thus, the empirical data show that coenzyme I protected 
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Fic. 17. Effect of nicotinamide treatment on the activity of the system and showing the 
cooperation between coenzyme I and ascorbic acid. 


SystEM:— 1.0 ml. phosphate buffer (pH 7.5); 0.5 ml. respective enzyme solution; 0.1 ml. 
ascorbic acid (6 mgm. per ml., pH 6.8, side arm); 0.5 ml. 0.5 M sodium I(—) malate 
(MAL); 0.5 ml. 0.5 M sodium 1 (+-)glutamate; 0.1 ml. 1% coenzyme I (Co. I). Final 
volume 3.0 ml. Final pH 9.0, due to alkalinity and buffering capacity of this glutamate 
solution. 

ENZYME SOLUTION:—50 two-day-old seedlings homogenized in 5 ml. 1% nicotinamide. 
Control seedlings homogenized in 5 ml. water. 


at least a residual fraction of ascorbic acid from being oxidized irreversibly. 
By virtue of the known carrier function of coenzyme I this protection must be 
effected by hydrogen transfer to dehydroascorbic acid. The ascorbic acid so 
formed is then oxidized by molecular oxygen resulting in the restoration of 
the hydrogen acceptor (dehydroascorbic acid) and oxygen uptake. The small 
fraction of the ascorbic acid redox system left suggests that it is stabilized by 
a protein, probably attached in some prosthetic manner to a dehydroascorbic 
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TABLE VII 


Loss OF ASCORBIC AND DEHYDROASCORBIC ACID TO THE SYSTEM 











AA Actual Calculated Actual Actual 

Syst added Oz AA residual residual 
pe initially uptake =  used* AA DA 

(ugm.) (ul.) (ugm.) (ugm.) (ugm.) 
Complete 600 119 = 920 0 80 
Without coenzyme I 600 78 = 600 0 0 

















AA=ascorbic acid. DA =dehydroascorbic acid. 
* Calculated on the basis of the two stage oxidation, 1 mol. O2 = 1 mol. ascorbic acid. 
SysTEM:— same as in Fig. 18. 


acid reductase cooperating directly or indirectly with coenzyme I. As has 
been shown previously the unequivocal demonstration of the carrier function 
of ascorbic acid is only observed after the major fraction of ascorbic acid 
has been oxidized irreversibly. This ‘excess’, as it may be called, may 
exert a reducing effect on the system with results that have been discussed 
in connection with the preliminary experiments (p. 40). In this regard, 
Ames and Elvehjem (5) referring to the catalytic activity of ascorbic acid 
make this statement: ‘‘Apparently a minute amount of ascorbic acid (1.7 X 
10-5 M) will cause a marked increase in the oxidation rate of glutathione and 
increasing this amount by 200 times does not result in any further increase.” 
It is interesting to note that the K,, of wheat ascorbic acid oxidase as deter- 
mined in these investigations is extremely low and of the same order of mag- 
nitude (5 X 10-4 M). Similarly the amount of ascorbic acid remaining in the 
system, described in Table VII and presumably functioning in a carrier 
capacity, is equivalent to a concentration of 1.7 XK 10-* M. 


Extrapolation of the progress curve of greatest oxygen uptake in Fig. 17 
intercepts the ordinate at approximately the theoretical oxygen equivalent of 
the ascorbic acid added. This further confirms the fact that only a small 
fraction of the ascorbic acid was being employed to support the oxygen uptake 
of that system. 


The Effect of Various Substrates in the System 


A number of substrates were tested with coenzyme I in the ascorbic acid 
system, even though some are known not to cooperate with this cofactor, 
e.g. lactate, which apparently does not require it (53), and citrate, which co- 
operates with coenzyme II (18, 37). The results are shown in Fig. 18. All 
the substrates showed an oxygen uptake above the theoretical oxygen equiva- 
lent of the added ascorbic acid. A control without substrate was omitted 
since the criterion of activity was considered to be oxygen uptake in excess 
of the theoretical quantity required for the two stage oxidation of ascorbic 
acid. At the pH of this experiment (pH 7.5) and in the absence of exogenous 
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substrate the complete two stage oxidation of ascorbic acid would hardly occur 
in the time period of the experiment. In the case of fumarate it was con- 
sidered that this substrate in the presence of fumarase would be converted 
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Fic. 18. Activity of various substrates in the system. 


SystEM:— 0.5 ml. phosphate buffer (pH 7.5); 1.0 ml. enzyme solution; 0.1 ml. ascorbic acid 
(6 mgm. per ml. pH 6.8, side arm); 0.1 ml. 1% coenzyme I. 


SuBSTRATES:— 0.25 ml. 0.25 M sodium hexosediphosphate; 0.5 ml. 0.5 M sodium fuma- 
rate + 0.5 ml. 0.5 M sodium 1(+) glutamate; 0.25 ml. 0.5 M sodium lactate; 0.5 ml. 
0.5 M ethyl alcohol; 0.5 ml. 0.5 M potassium citrate. Final volume 3.0 ml. Final 
pH 7.8. 


ENZYME SOLUTION:— five-day-old roots homogenized in 1% nicotinamide in 0.3 M disodium 
hydrogen phosphate. Centrifuged to remove cell debris. 


to l(-) malate then becoming dehydrogenated by the malic dehydrogenase 
system. Hence, glutamate was added to remove oxalacetate from the 
system. The high activity of fumarate supported the contention and also 
confirmed the presence of fumarase in fresh seedling extracts in contrast to 
dried seedling extracts (Section I, p. 24). Apparently, alcohol was actively 
oxidized by this system in the presence of coenzyme I. Another experiment, 
the results of which are shown in Fig. 19, confirmed previous reports (2, 115) 
that plant alcohol dehydrogenase is coenzyme I-linked. Hexosediphosphate 
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is also actively oxidized by this coenzyme I-ascorbic acid system; thus the 
observations made by James et al. (54) in barley are confirmed for wheat. 
It is presumed with James et al. (54) that it is triosephosphate that is actually 
dehydrogenated and that triosephosphate dehydrogenase is coenzyme I- 
linked as in yeast and animal tissues (41). 
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Fic. 19. Showing the necessity for coenzyme I in the alcohol dehydrogenase system. 


Same SYSTEM AND ENZYME SOLUTION as described in Fig. 11 except that cyanide in the 
former system was replaced by 0.5 ml. of 0.5 M ethyl alcohol. AA—Ascorbic acid; Co I— 
Coenzyme I. 


Both lactate and citrate showed activity although considerably less than 
alcohol and fumarate. This is probably due to the factors mentioned pre- 
viously. It is quite probable that the extract would contain endogenous 
coenzyme II, in which event citrate would show activity, as indeed it did. 
Previous experiments (112) have shown that lactate may participate without 
coenzyme I in the system, but not at an activity comparable to the malic — 
coenzyme I system, nor that in the experiments of James and Cragg (53). 


Supplementary experiments indicated that succinic acid also activated 
the rate of ascorbic acid oxidation by wheat extracts. However, it has not 
been possible, as yet, to show that ascorbic acid mobilizes the hydrogen 
from this substrate. The succinic dehydrogenase system, cooperating with 
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cytochrome c, has been demonstrated alongside cytochrome oxidase in em- 
bryonic stages (Section II, p. 27). In mature stages it apparently disappears. 
It is speculative to consider that this sensitive system is inactivated by the 
same factors as those that have been postulated for the apparent inactivation 
of cytochrome in oxidase shoots (Section I, p. 31). These factors may be 
inhibitory degradation products of ascorbic acid, which increases many- 
fold after germination. Evidence that ascorbic acid is associated with succinic 
dehydrogenase activity has been presented by Harrer and King (46) who found 
that there was a distinct decrease in the activity of succinic dehydrogenase and 
cytochrome oxidase in scorbutic guinea pig tissues. Another potential inhi- 
bitor of succinic dehydrogenase present in wheat leaves in relatively high con- 
centration (0.005% fresh weight) is malonic acid (77). 


THE PosITIon oF AscorBic ACID IN THE CARRIER SYSTEM 


In the thermostable mechanism for the entry of oxygen, ascorbic acid plays 
the same role as methylene blue in the experiments described in Section I and 
it may be considered as the terminal autoxidizable carrier (so-called copper- 
catalyzed autoxidation). In the thermolabile mechanism for the entry of 
oxygen, ascorbic acid could be considered analogous to cytochrome c in animal 
yeast and tissues, and ascorbic acid oxidase, which in this case is directly 
responsible for the entry of oxygen, would therefore be analogous to cyto- 
chrome oxidase. Therefore, in a coenzyme I-linked system, ascorbic acid 
would, of necessity, be positioned between coenzyme I and molecular oxygen. 


The main difference between cytochrome c and ascorbic acid, as redox 
systems, resides in the susceptibility of ascorbic acid to irreversible oxidation, 
a property that may account for its abundance in higher plants since the focal 
catalytic agent of plants appears to be copper in the presence of which ascorbic 
acid is highly unstable. It is conceivable that ascorbic acid is protected from 
thermostable oxidation in vivo except perhaps when a plant part or cell becomes 
disorganized through age or injury. 


The presence of a flavoprotein (flavin) mediating the transfer of hydrogen 
from coenzyme I to methylene blue has been discussed in Section I (p. 16). 
Obviously, there is no reason to rule out its participation when ascorbic acid 
is mediating the transfer of hydrogen to molecular: oxygen. Since flavo- 
proteins are generally considered to accept hydrogen directly from coenzyme I 
and the nonenzymic redox potential (E’) at pH 7.0) for ascorbic acid is more 
positive (0.06 v.) than flavoprotein (—0.06 v. to —0.226 v.) (13), then the 
flavoprotein would have to be positioned in between coenzyme I and ascorbic 
acid. 


The investigations have shown also that another carrier besides flavo- 
protein apparently intervenes between ascorbic acid and the coenzyme I - 
flavoprotein system. This carrier is a pigment, probably the physiological 
counterpart of methylene blue. The complete carrier system will be discussed 
after presentation of the evidence for the role of the pigment. 








52 CANADIAN JOURNAL OF RESEARCH. VOL. 28, SEC. C. 


THE PARTICIPATION OF A PIGMENT IN THE CARRIER SYSTEM 


During the experiments previously described, it was observed that in those 
active systems in which ascorbic acid was functioning as a carrier, a color 
change occurred after the ‘‘excess ascorbic acid”’ (see p. 48) had been oxidized. 
Thus, in the system shown in Figs. 17, 18, and 19, pigment developed in the 
complete system, but not in the control without coenzyme I. In the experi- 
ment testing the activity of various substrates (Fig. 18), greater pigment 
formation was observed with fumarate (116 wl. oxygen per 30 min.), and 
alcohol (92.5 wl. oxygen per 30 min.) and lactate (68 wl. oxygen per 30 min.), 
than with citrate (61 wl. oxygen per 30 min.), as substrate. The pigment in 
each system could be made to disappear by anaerobiosis. 

The color of the pigment varied from reddish pink in etiolated shoot, to 
violet in root extracts. Apparently, the color was somewhat modified by 
background color and pH. Preliminary examination of the absorption 
spectrum of the root pigment showed that it changed from one initially 
resembling Nos. 1, 2, and 3 in Fig. 2 to one having a decreased general absorp- 
tion between 400 and 475 my with a secondary band at 500 to 525 my. 

Apparently, pigment formation was somehow related to the actively 
operating carrier system of coenzyme I and ascorbic acid. 

Using root extracts, since pigment formation could be more readily observed 
in these, a series of qualitative experiments were undertaken to test the 
validity of this suggestion. The results of some experiments are enumerated 
briefly below. 


FACTORS AFFECTING PIGMENT FORMATION IN ROOT EXTRACTS 








Pigment forms | Pigment does not form 


1. In complete reconstructed aerobic malic 1. In absence of any one of these com- 
dehydrogenase — coenzyme I ascorbic ponents, including substrate during time 
acid — oxygen system after ‘“‘excess”’ ascorbic period of experiment. 
acid has been oxidized. 


2. Under aerobic conditions, but can be made | 2. Under anaerobic conditions, but can be 
to disappear by anaerobiosis or dithionite. restored by aerobiosis. 

3. In enzyme solution and ascorbic acid alone. | 3. In enzyme solution alone. No formation 
Slow formation with air, more rapid with with oxygen or hydrogen peroxide. 


oxygen or hydrogen peroxide. 








The association of ascorbic acid and the pigment is clearly demonstrated. 
Pigment developed only when ascorbic acid was present and was being 


oxidized, indicating that its oxidation product dehydroascorbic acid was 
responsible. The more rapid the rate of oxidation, the more rapid was the 
rate of color development. It is suggested that the reduced form or leuco- 
pigment was reversibly oxidized by dehydroascorbic acid and was probably 
maintained in the reduced form by ascorbic acid prior to the latter’s removal 
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by oxidation. This would account for its nondevelopment in the complete 
(active) systems until the ascorbic acid is reduced to a low level. Its non- 
appearance in the controls without coenzyme | as in Fig. 17 is most probably 
due to the fact that no dehydroascorbic acid remained in the system, thus 
the leucopigment could not be oxidized. 


Etiolated shoots and excised roots of wheat seedlings could be made to 
produce pigment by narcotization with chloroform. At the same time 
ascorbic acid disappears rapidly. Roberts (90) observed a similar phenomenon 
in green tea leaves, in which he considered ascorbic acid to be a terminal 
carrier. Similarly, the cut surface of a white potato first produces a reddish 
brown pigment on narcotization that subsequently turns purple, the latter 
reaction being the well known catechol — catechol oxidase reaction, which 
ascorbic acid delays by acting as a so-called antioxidant. Since narcotization 
inhibits reducing systems of tissues, but not oxygen uptake, it follows that 
narcotization severs the carrier system allowing oxygen uptake to proceed 
without hydrogen transfer and resulting in pigment formation, via ascorbic 
acid oxidation. 


On this evidence, it is possible to postulate that the pigment exists in a 
colored oxidized state and a colorless reduced state (leucopigment) depending 
on the state of the oxidation—reduction systems of the enzyme solution or the 
plant tissue. Owing to its association with, and the effect of, ascorbic acid, 
the following reaction can be formulated :— 


Leucopigment + dehydroascorbic acid = pigment + ascorbic acid 
(reduced) (oxidized) 


Since oxygen uptake and ascorbic acid were required for the development 
of the pigment, it follows that the primary reversible oxidation product of 
ascorbic acid (dehydroascorbic acid) was directly responsible. If the pigment 
were terminal, no ascorbic acid would be required for its development, there- 
fore as a carrier of hydrogen it must necessarily be positioned between coen- 
zyme I and ascorbic acid and in direct association with the latter. 


Some clues as to the chemical nature and properties of the pigment may be 
found in the extensive literature on plant pigments. Palladin considered that 
respiratory chromogens, one of which he studied in wheat (83), acted as 
hydrogen acceptors and by the action of an oxidase the chromogen absorbed 
oxygen and formed water and a pigment. Haas and Hill (44, 45) extracted 
a pigment, hermidin, from Mercurialis that they considered to be a respiratory 
chromogen. The blue primary oxidation product called cyanohermidin was 
easily reduced to the leuco-form by dithionite. Cannan (28) studied the 
electrode potentials of hermidin and came to the following conclusions: 
(1) the true oxidant of cyanohermidin (the primary oxidation product) is 
subject to an irreversible change whose velocity is a function of [H*]. This 
change does not appear to be oxidative (cf. ascorbic acid); (2) cyanohermidin 
is a hydrogen acceptor of the same type as methylene blue and quinone, and 
hermidin must function as an efficient hydrogen transferrer within the living 
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cell. Calculations from their data indicate that the Ep at pH 7.0 is approxi- 
mately —0.035v., which is slightly more reducing than methylene blue and 
the ascorbic acid system, which had not been isolated at that time. Aubel 
and Genevois (8) in discussing this pigment with reference to oxidation— 
reduction processes had this to say: “... ce pigment n’est trés vraisemblable- 
ment pas une exception. II, est permis de penser que les pigments du type 
de l’hermidine sont trés répandus dans le régne végétal. C’est 14 une hypo- 
thése de travail’. Whether this pigment is related to the anthocyanins is not 
known. However, the color and properties of the pigment reported in the 
present paper are suggestive of an anthocyaninlike substance. 

Robinson and Robinson (92) have briefly reviewed the literature on what 
they call the flavone-chromogen obsession. These workers have isolated a 
leucoanthocyanidin from Peltogyne phyrocardia. In later publications (93, 
94) they have discussed the formation of anthocyanins in plants and suggest 
that leucoanthocyanins are probably reduced dihydro-forms. Kozlowski (62) 
has shown that anthocyanins may be reduced to colorless forms by dithionite. 
Reichel (89) demonstrated that anthocyanins can be decolorized in vacuo 
by yeast or liver, in the presence of a substrate like aldehyde, and he con- 
sidered that they act as biological hydrogen acceptors. The absorption 
spectra of some anthocyanins were studied by Hayashi (47) who observed the 
primary absorption bands to be at a frequency of 1900 (525 my) and 1950 
(515 mp) (see p. 52). 

Chemical and clinical observations led the Szent-Gyorgyi school (16, 26, 
95, 103) to assume that ascorbic acid is accompanied in the animal cell by a 
substance of similar importance and related activity for which they proposed 
the name of vitamin P. It appeared that the substance was related to the 
plant flavones of which the most active was eriodictyol glucoside extracted 
from “‘citrin’’, the crystalline flavone fraction of lemon juice. Recent work 
(82) indicates that substances, such as epicatechin, that have vitamin P 
activity, protect ascorbic acid from oxidation. Among other substances that 
have vitamin P activity are rutin (see p. 18) and derivatives of the phenyl- 
chromane nucleus (82). Perhaps the most interesting contribution to this 
work has been that of Wawra and Webb (111) who claimed that vitamin P 
is the prosthetic group of an oxidation—-reduction enzyme which they believed 
to play a part in tissue respiration of both animal and plant cells. These 
workers isolated hesperidin chalcone from lemon peel and showed that it 
functioned as a hydrogen transporter in liver /(+) glutamic dehydrogenase. 


This brief review of the literature supports the contention that some pig- 
ment is active in the respiratory carrier system. It suggests also that there 
may be some quite close relationship between Palladin’s respiratory chromo- 
gens (83), Robinson’s leucoanthocyanins (92), the hermidin of Haas and Hill 
(44), Szent-Gyorgyi’s vitamin P (16), the oxidation-reduction enzyme of 
Wawra and Webb (111), and the pigment reported herein. 
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THE ENTRY OF OXYGEN INTO THE SYSTEM 


The presence of an active peroxidase in the wheat seedling extract, accom- 
panying ascorbic acid oxidase, raised the question as to the participation 
of this enzyme in the terminal oxidation process. Peroxidase oxidizes ascorbic 
acid indirectly by flavones (51, 91) and if hydrogen peroxide is produced in the 
system then this could be a means for oxygen entry. However, an active 
catalase is present also and hence there must be competition between the two 
enzymes for the hydrogen peroxide produced, if any. It has been shown that 
ascorbic acid oxidase does not produce hydrogen peroxide in its reaction with 
molecular oxygen and therefore we are concerned with the question of how 
much hydrogen peroxide is produced in the thermostable copper catalyzed 
reaction. The evidence suggests that peroxidase is not participating and 
therefore little or no hydrogen peroxide is produced, since the ratios of oxygen 
consumed to ascorbic acid oxidized are inconsistent with this hypothesis. 
If, however, it can be shown that a peroxidase inhibitor does not inhibit the 
activity of the carrier system under consideration, then this should be ample 
proof that peroxidase is not responsible. Qualitative experiments have shown 
that semicarbazide inhibited peroxidase, as does hydroxylamine. In the 
presence of either of these substances the malic dehydrogenase — coenzyme 
I — pigment — ascorbic acid system has been shown to consume oxygen and 
develop pigment in the presence of substrate. Thus peroxidase participation 
may be relegated to a secondary role if any. The author is inclined to the 
view that oxygen is brought into the in vitro system by both a thermolabile 
(ascorbic acid oxidase) and a thermostable copper-catalyzed reaction. The 
copper in both mechanisms undergoing cyclical oxidation and reduction. In 
embryonic stages, the evidence suggests that the cytochrome system is mainly 
responsible. 


Summary and Conclusions 


Cell-free extracts of wheat seedlings and more mature tissue contain an 
1(—) malic dehydrogenase system, which, in the presence of a ketone fixative 
and coenzyme I catalyzes the transfer of hydrogen and electrons* to methylene 
blue. The ketone fixative, whether artificial like cyanide or a metabolite 
like 1(+) glutamic acid, serves to remove the inhibitory oxidation product, 
oxalacetic acid. Cyanide forms a cyanohydrin, while /(+) glutamic acid 
functions by being involved in a transamination reaction with oxalacetic acid 
forming a-ketoglutaric acid and /(—) aspartic acid. The latter reaction is 
catalyzed by transaminase. The net effect of the reactions is the oxidation 
of 1(—) malic acid, oxygen uptake and formation of water. 


Such extracts also contain peroxidase and ascorbic acid oxidase, together 
with a thermostable mechanism, mainly copper, for oxidizing ascorbic acid. 
In embryonic tissues up to 70 or 80 hr. of age a succinic oxidase system 
including cytochrome oxidase is also present. 


* Previous discussions have — only to hydrogen transfer. Actually hydrogen and 
electrons are transferred, 1.e. 2H* + 2e. 
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If the methylene blue in the system described above is replaced by a small 
quantity of ascorbic acid (10-* /) and / (+) glutamic acid is used as the ketone 
fixative the system will consume a volume of oxygen in excess of that required 
for the complete oxidation of ascorbic acid under the conditions prescribed. 
This catalytic oxygen uptake does not occur in the absence of substrate or 
any one of the components of the system. The system is remarkably sensitive 
to ketone fixatives, responding in a manner similar to that of the methylene 
blue system. Thus, the same postulation can be made with regard to the 
system when ascorbic acid is replacing methylene blue, i.e. /(—) malic acid 
is oxidized, oxygen is consumed, and water is formed. Apparently, ascorbic 
acid acts in a similar manner to methylene blue. However, unlike methylene 
blue, ascorbic acid requires the catalytic agency of ascorbic acid oxidase, 
which is supported by a thermostable copper-catalyzed mechanism for its 
reaction with molecular oxygen. It is considered that while the in vitro 
system employs a combination of both, the im vivo system uses the oxidase. 

In an active system containing enzyme solution, /(—) malic acid, /(+) 
glutamic acid, coenzyme I and ascorbic acid, a pigment develops after the 
excess* ascorbic acid has been oxidized completely. This pigment has been 
shown to be intimately associated with ascorbic acid and depends upon the 
latter’s state of oxidation whether it is in the oxidized (colored) or reduced 
(leuco) form. The evidence presented is sufficiently convincing to position 
it in the carrier system between ascorbic acid and the coenzyme I — flavin 
carriers. It is this pigment that accepts the hydrogen that would be given 
up to methylene blue if that dye were present. Therefore, more specifically 
than ascorbic acid, this pigment can be considered to be the physiological 
counterpart of methylene blue, differing from the latter in that it cannot be 
oxidized directly by molecular oxygen, but requires the mediation of ascorbic 
acid. 

Although we are not in possession of the full details, the accompanying 
diagram (Fig. 20), based on experimental evidence and analogy with yeast 
and animal tissues, represents a proposed carrier system for the oxidation of 
1(—) malic acid by wheat extracts with copper as the focal catalytic agent. 

In the presence of malic dehydrogenase, /(—) malic acid is oxidized by the 
removal of 2H* and 2e (electrons). The oxidation product oxalacetic acid 
is converted to /(—) aspartic acid by transfer of the a@-amino group from 
1(+) glutamic acid, and the latter is thereby converted into a-ketoglutaric 
acid. This reaction is catalyzed by transaminase. The 2H+ and 2e resulting 
from the oxidation are accepted by coenzyme I, which is reduced. On the 
evidence at hand, it can be safely assumed that dihydrocoenzyme | is relieved 
of its hydrogen by a flavoprotein (flavin), which is in turn reduced. The 
hydrogen and electrons are passed to the pigment that is reduced and in turn 
the leucopigment transfers its 2H* and 2e to dehydroascorbic acid forming 
ascorbic acid. It is very probable that both these carriers are attached in 
some prosthetic manner to apoenzymes. The apoenzyme catalyzing the 


* Ascorbic acid not functioning in the carrier role. See p. 48. 
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transfer of hydrogen from the leucopigment to dehydroascorbic acid would be 
referred to as a dehydroascorbic acid reductase. However, until more 
evidence is available as to the nature of the flavin and the pigment, it would 
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Fic. 20. Proposed respiratory carrier system for the wheat plant involving the oxidation of 
malic acid and the transamination of glutamic acid. 


be unwise to characterize the apoenzyme catalyzing this reaction. The final 
transfer of hydrogen and electrons from ascorbic acid to molecular oxygen is 
accomplished by copper either in organic combination (ascorbic acid oxidase) 
in vivo, and together with the free form im vitro. The copper can oscillate 
between the oxidized form (Cut+*) and the reduced (Cut) by the addition or 
loss of an electron. One electron from the 2H+ and 2e given up by ascorbic 
acid reduces ascorbic acid oxidase, which is capable of reacting directly with 
molecular oxygen. The oxygen oxidizes the reduced oxidase and itself takes 
up an electron. The 2H* and ‘e’ remaining in the medium then reacts with 
O- to form H;0 as follows:— 


2H*+ + O- +e = HO. 


The overall change resulting from the series of reversible transformations is 
the same as that postulated earlier: (1) the oxidation of /(—) malic acid; 
(2) the consumption of oxygen; (3) and the formation of water according to 
the following equations:— 


l(—) malic acid = 2H*+ + 2e + 1/2 O. = H2O + oxalacetic acid. 


Among other substrates tested in this system, alcohol, hexosediphosphate, 
and fumarate appear to be the most active. All three are coenzyme I-linked, 
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but only the oxidation of alcohol is catalyzed directly by an alcohol dehydro- 
genase, the other two requiring the activity of other enzymes, prior to their 
oxidation in the form of triosephosphate and /(—) malic acid. 


The carrier system terminating in ascorbic acid, obviously can be con- 
nected to any system that oxidizes ascorbic acid. Ascorbic acid can be 
oxidized by most, if not all, of the terminal oxidation systems found in the 
plant and animal kingdom. Therefore, it is possible to postulate that the 
carrier system terminating in ascorbic acid is of general occurrence in the 
plant kingdom and indeed perhaps in some particular animal tissues. In the 
embryonic stages of plants and in some older roots where a cytochrome oxidase 
is present, the cytochrome c—cytochrome oxidase system could be either 
partially or wholly responsible for the entry of oxygen into the system. 
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STUDIES OF CANADIAN THELEPHORACEAE 
V. TWO NEW SPECIES OF ALEURODISCUS ON CONIFERS! 


By H. S. JACKSON 


Abstract 


Two species of Aleurodiscus occurring on conifers, which have been under 
observation for several years, are described as new. Both are related to Aleuro- 
discus roseus (Pers. ex Fr.) Héhn. & Litsch. The first, described as A. Minnsiae 
sp. nov., occurs most commonly on Tsuga canadensis and is noteworthy because 
of an associated sclerotial disseminating phase of characteristic morphology, 
which has been known under the herbarium name Minnsia carnea E. & E. 
ined. The history of our knowledge of this phase is given in some detail. The 
second species occurs on Pinus Strobus and is described as A. Pini sp.nov. The 
known collections of both species are listed. Comparative culture work was 
conducted which showed that the two species are heterothallic, have a different 
growth rate, and are incompatible. They are also different from a form of 
A. roseus occurring on Populus which proved to be homothallic. 


Introduction 


Among the interesting forms encountered in connection with a general 
study of the Thelephoraceae of northeastern North America, considered with 
special reference to those found in Ontario, Canada, two species of Aleurodiscus 
which occur on coniferous hosts have been under observation for several 
years. 

These species, one of which occurs most commonly on Tsuga canadensis 
and the other, so far exclusively on Pinus Strobus, both show relationship 
with Aleurodiscus roseus (Pers. ex Fr.) Héhn. & Litsch. (= Corticium roseum 
(Pers. ex Fr.) Fr.). The latter species, as ordinarily considered, is quite 
certainly a collective one as is clearly indicated when a large series of specimens 
having the general morphological features of the species are compared. Only 
the one species has so far been recognized in North America. In Europe, 
Bourdot & Galzin (1), Pilat (8), and Litschauer (6) recognize a second species, 
Aleurodiscus polygonioides (Karst.) Pilat (= Corticitum polygonioides Karst.). 
Burt (4, p. 224) included the latter as a synonym of Corticium roseum. Bourdot 
& Galzin place the two species in a special section, Aleurodiscoideae, of 
Cortictum. Pilat includes them in a subgenus Lyomyces, of Aleurodiscus, 
based on the emended genus of that name proposed by Karsten. 

There would seem to be little question that the relationship of these forms 
is with Aleurodiscus because of the large flexuous basidia and the characteristic 
branched paraphyses. In Aleurodiscus or in Corticium, however, they form 
a sharply delimited group as was clearly recognized by Pilat and Bourdot. 


1 Manuscript received November 22, 1949. 

Contribution from the Department of Botany, University of Toronto, Toronto, Ont. This 

study was carried out with the assistance of a grant in aid of research furnished by the University of 
Toronto. 

Previous numbers in this series were published in Can. J. Research, C, 26 : 128-139; 

143-157, 1948; and in C, 27 : 147-156; 241-252, 1949. 
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This group, we venture to predict, will ultimately contain several recognizable 
species and when better understood it may be found logical to include them in 
a genus separate from Aleurodiscus. 


A serious difficulty in resolving the collective species, A. roseus, into the 
different biological entities of which it is quite obviously composed, lies in the 
paucity of clear-cut morphological characters. The general characters are 
distinctive enough and there is little difficulty in recognizing the group. The 
variations in the basic microscopic characters in the apparently different 
forms are, however, usually not of a magnitude that makes for clear-cut 
distinctions. Spore size, shades of color in some cases, and the general 
character of the fructification and of the substratum, are of assistance in 
indicating the existence of different species within the complex. An extensive 
comparative study of cultures in the dikaryophase, together with interfertility 
studies from series of monospore cultures of the suspected segregates, will need 
to be made before the picture is at all clear. 


The two species which form the subject of the present contribution are 
obviously distinct from each other and, we believe, sufficiently characteristic 
to justify separation from the two species already recognized in the group. 


Aleurodiscus Minnsiae 


The species to be described under the above name is of special interest 
because of a unique sclerotial disseminating phase which precedes the basidial 
fructification and occurs on the upper side of the twigs of the host in mid- 
summer or early fall (Figs. 5, 6, 7). This phase when mature consists of a 
brightly colored, open, cup-shaped structure about 1 mm. in diameter which 
has in the center, loosely attached at the base, a flattened sphaeroid body 
about 1/2 mm. in diameter which finally becomes free and apparently functions 
as a sclerotial propagating body. The structure might be described as like a 
tiny ‘‘nest’”’ with a single ‘‘egg’’. It shows a superficial resemblance to 
Sphaerobolus but is sessile on the substratum and has a more open, less lacer- 
ated peridium, with no suggestion of a median gelatinous layer. 

Historically it is this phase of the fungus to be described which has previously 
attracted the attention of mycologists because. of its unique structure and 
because it proved to be one of those mycological puzzles, the solution of which 
is so often long delayed. 

My own interest in this species began when, in company with Dr. L. O. 
Overholts, the sclerotial phase was collected on the twigs of Tsuga canadensis 
during the 1934 foray of the Mycological Society held at Inlet, N.Y. (Aug. 
21-23). At that time no one at the foray who saw the material had any 
suggestions as to its identity or relationship though it was noted that a sterile 
Corticitum-like fungus was associated. Unfortunately the collection was not 
shown to Dr. C. L. Shear who was in attendance at the foray and who, as was 
later revealed, could have given ita name. In October of that year I collected 
the same fungus in the vicinity of Toronto on larger branches of Tsuga, 
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accompanied on the under side by a conspicuous pink, sterile fructification 
which showed the general morphological characters of Corticium roseum. 
During that fall, tissue cultures were made from the peridium and from the 
“egg’’ as well as from the accompanying corticioid fructification. All grew 
rapidly and produced a characteristic clamp-bearing mycelium. No difference 
in the character of the hyphae or the growth of the colonies could be detected. 
Fig. 9 shows colonies from the three sources planted side by side on the same 
plate. The species has been under observation more or less regularly since 
1934 and there seems no question that the sclerotial structure is a phase in 
the life history of the Aleurodiscus. The association is constant, though the 
sclerotial phase begins to develop early in the season, usually during July and 
August, while the basidial fructification is not usually prominent till in Sep- 
tember or October. 


In the summer of 1935 I learned from Dr. J. R. Hansbrough that he had 
collected a similar fungus in Oregon on the branches of Pinus contorta which 
he had sent to Dr. Shear who had identified it as Minnsia carnea E. & E. ined. 
I then wrote to Dr. Shear telling him of my interest and preliminary work 
on the fungus. After some correspondence, Dr. Shear very graciously turned 
over to me, in February of 1936, certain notes he had accumulated and at one 
time had intended to publish. I am greatly indebted to Dr. Shear for this 
cooperation. 


From these notes I learned that there are, in the herbarium of the Bureau 
of Plant Industry at Washington, from the residue of the J. B. Ellis herbarium 
which Dr. Shear had purchased from the executors after the death of Ellis’s 
daughter, two parts of a collection (Ellis’s 4031) made by S. A. Beach and 
D. G. Fairchild, July 2, 1892, on twigs of Tsuga canadensis on the south bank 
of Watkins Glen, New York. These specimens are labeled Minnsia carnea 
E. & E. nov. gen. & sp. On one of the packets in Ellis’s handwriting, is a 
note which reads as follows: ‘‘This was sent me by Miss Minns* 8 or 10 years 
ago from the Lake Superior region and has lain in my herbarium under the 
name Minnsia carnea E. & E. but has not been published, as the fructification 
is uncertain. I tried M. C. Cooke but he was unwilling to give it a name. 
It is apparently a nov. gen. near Sphaerobolus.” J.B.E. 


The collection by Miss Minns referred to by Ellis in the note quoted above 
has recently been located by Dr. D. P. Rogers in the Ellis Herbarium at the 
New York Botanical Garden. The outside packet bears the following data: 
““Minnsia carnea Ell. (nov. gen. allied to Tubercularia), on dead branches, 
Keweenaw Point, Michigan, August 1882, Miss S. Minns (in package numbered 
28)". The packet bears the number 3703, evidently Ellis’s herb. no. Inside 
is a note in Ellis’s hand: ‘‘Cooke says of this 3703: ‘I have not been able to 

* It is evident from the proposed generic name that it was Ellis’s intention to name the fungus 
in honor of Miss Minns. To perpetuate this intention, as seems fitting, I have selected the specific 
name ‘“‘ Minnsiae’’ for the Aleurodiscus. It is now quite certain that the person Ellis intended to 
honor was Miss Susan Minns (1838-1938), an enthusiastic amateur botanist, resident in Boston. 


She was for many years a member of the Gray Herbarium Visiting Committee and during her active 
years corresponded with many American botanists. 
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make anything satisfactory of this. This can be better done on the spot 
in watching its development. It is at any rate curious and I suppose some- 
what allied to Michenera artocreas’’’. Inside the packet is another label 
marked ‘‘Minnsia carnea E. & E., collected in the Lake Superior region by 
Miss S. Minns’’. The collection consists of two twigs, evidently of hemlock, 
with an abundance of the sclerotial phase in an excellent state of preservation. 


There is no evidence of an associated basidial fructification. 


Dr. Shear mentions having collected this many years ago on hemlock at 
Alcove, New York. This collection has not been located. There are in the 
Bureau of Plant Industry several other collections (see “‘Specimens examined’’), 
including a part of the collection made by Overholts and myself at Inlet, 
New York, which is apparently the first seen by Dr. Shear which showed an 
associated immature corticioid fructification. He also noted the resemblance 
of this to Corticium roseum. 


From Dr. Shear’s notes I also learned that Dr. W. W. Diehl had seen a 
collection of this fungus in the herbarium of the State Museum at Albany, 
New York, which I later borrowed through the courtesy of Dr. H. D. House. 
This specimen is labeled Jllosporium cupulatum Peck ined. and was collected 
in July (year ?) on Tsuga canadensis at Sylvan Beach (Oneida Lake), New 
York by C. H. Peck. This collection on examination proves without doubt 
to be the Minnsia carnea. It had been examined at one time by Dr. John 
Dearness, and a note made by him accompanying the specimen reads as 
follows: ‘This is a curious thing. One form seems to be parasitic on the 
other but on dissection they seem to have the same hyphal structure. I do 
not get the nature or position of the spores’. The ‘‘forms’’ referred to are 
evidently the peridium and the “‘egg’’.. My own examination failed to reveal 
spores of any sort. 


Dr. Roland Thaxter also knew of this fungus in the sclerotial phase as is 
evidenced by collections in the residue of his herbarium at Harvard University, 
labeled Minnsia carnea E. & E. There are two parts of a collection made by 
Thaxter at Intervale, New Hampshire, and another made at Lewes, New York, 
by A. H. W. Povah. One of the Intervale packets bears the following note in 
Thaxter’s hand: “Burt, May 1920, says he never saw anything like it’’. An 
earlier collection made by Thaxter in 1887 at Cranberry, N.C. has recently 
been discovered by Dr. D. P. Rogers among unidentified material at the 
Farlow Herbarium which bears the note ‘“‘apparently Sphaerobolus’’. 


More recently, Dr. J. R. Hansbrough and associates at the New Haven 
Laboratory of Forest Pathology, following the identification of the collection 
on Pinus contorta from Oregon by Dr. Shear in 1932, have repeatedly collected 
this species on Tsuga canadensis in New England, notably in Maine, New 
Hampshire, and Vermont. A set of these collections was recently sent to me 
by Dr. Hansbrough and are listed below under ‘Specimens examined”’. 

As nearly as I can determine, the name Minnsia carnea E. & E. ined. 
has appeared in the literature only once. A reference to this form was made 
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by Spaulding and Hansbrough (9) in connection with a study of decay of 
logging slash in the northeast. They say of this fungus (p. 10): ‘“‘Minnsia 
carnec is so little known that it never has been scientifically described, yet it is 
plentiful on hemlock twigs and weakens them so that they break at the 
infected places”. The name also appears in tables on pp. 8 and 10 of their 
publication. 


Aleurodiscus Minnsiae sp. nov. (Figs. 1 to 7, 9, 11) 


Fructificatio late effusa vel in irregularibus areolis, primo vivide roseo- 
alutacea, dein cremeo-alutacea vel alba, tenuiter membranacea, separabilis, 
margine abrupto vel attenuato; subiculum crasse tunicatis hyphis 3-4u 
diam. nodoso-septatis compositum; paraphyses multae, nodulosae, ramis 
irregularibus brevibusque praeditae; basidia longo-cylindracea vel subclavata, 
80-110 X 8-10, flexuosa, 4 subulatis arcuatis 7-8.5u longis sterigmatibus 
praedita; basidiosporae ovoideae 12-16 X 8.5-—11y, tunicis tenuibus, hyalinis, 
non-amyloideis. 

Fructification when mature widely effused or in irregular patches, bright 
pinkish buff to shell pink or pale flesh color when fresh, fading to cream buff 
or white, 125—200y thick, surface at first continuous, becoming rimose in age 
exposing the subiculum, soft membranous, separable, margin irregular, abrupt 
or thinning out; subiculum made up of thick-walled hyphae, 3-4 in diam., 
with capillary lumen, arranged more or less horizontally below, interwoven in 
the subhymenium, with regular clamps; paraphyses abundant in the hymenium, 
thin-walled, 1.5-24 in diam., nodulose, with irregular peglike branches; 
basidia arising from deep in the subiculum, long cylindrical or subclavate 
80-100 X 8-10u, more or less flexuous, bearing four subulate, arcuate sterig- 
mata, 7-8.5y long; basidiospores ovoid 12-16 X 8.5-11y, slightly flattened 
on one side with conspicuous apiculus, walls thin, smooth, colorless, non- 
amyloid. 


Basidial fructification preceded or accompanied by a characteristic sclerotial 
disseminating phase described in the text. 


Specimens examined :* 


Ontario: On Tsuga canadensis, N. Bathurst St., Toronto, Oct. 1934, with 
R. F. Cain, TRT 8231, NY; Bell’s Lake, N. of Parry Sound, Sept. 22, 1935, 
TRT 8233, NY, FH, BPI, OTB, IA; East of Maple, Nov. 9, 1935, TRT 8232, 
NY, FH, BPI, OTB; May 5, 1936, TRT 9835, NY, FH; June 1, 1936, with 
R. F. Cain, TRT 10474; Holland River Marsh, Oct. 2, 1936, with R. F. Cain, 
TRT 11116, NY, FH; June 3, 1937, TRT 11131 type, NY, FH, BPI, OTB, 
UPS; TRT 11697; Oct. 1937, TRT 12176, NY, FH, OTB, BPI; South of 
Aurora, June 1, 1936, TRT 10471; East of Hatchley, Oct. 13, 1936, R. F. Cain, 
TRT 10164; near Sutton, Sept. 23, 1936, TRT 9836, NY, FH, BPI, OTB, IA; 
“Glengert’’, Terra Cotta, May 23, 1937, TRT 11698; N.E. of Sharon, Oct. 17, 

* Unless otherwise noted, Ontario collections were made by the writer. The herbarium 


abbreviations, indicating where specimens are deposited, are as proposed in the report on the stan- 
dardization of herbarium abbreviations, Chronica Botanica, 5 : 142-150. 1939. 
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1937, TRT 11624; West of Maple, June 11, 1937, TRT 11700, NY, FH, BPI, 
OTB, IA, UPS; Sept. 27, 1937, TRT 11699; East of Snelgrove, May 21, 1937, 
TRT 12644; West of Aurora, June 1, 1938, TRT 13240, NY; near Killarney 
Lodge, Algonquin Park, Sept. 14, 1938, TRT 13445; Pinetree Lake, Algonquin 
Park, Aug. 19, 1940, R. F. Cain, TRT 22458, IA; Petawawa Forest Reserve, 
Chalk River, Sept. 1, 1941, TRT 17493, NY; Sept. 5, 1941, TRT 17411; Oxbow 
Lake, W. of Algonquin Park, Aug. 16, 1941, R. F. Cain, TRT 17915, UPS. 


Quebec: On Tsuga canadensis, Mt. Burnet, J. W. Groves, Aug. 2, 1933, 
OTB F6150, F6409, F6549, TRT; May 20, 1936, H. S. Jackson et al., TRT 
22948, OTB F6726, F6593, F6727, NY; June 3, 1936, F. L. Drayton, OTB 
F6605, TRT; July 17, 1938, F. L. D., OTB 8326, TRT. 


British Columbia: On Tsuga heterophylla, Royston, July 29, 1938, 
I. Mounce, OTB F8962, TRT; on Pinus ponderosa, D’Arcy, June 16, 1930, 
J. R. Hansbrough 174, NY; (as Minnsia carnea E. & E.); on Pseudotsuga 
taxifolia, Cinema, July 23, 1949, W. G. Ziller, V5000, TRT, NY; on Abies 
lasiocarpa, Cinema, July 25, 1949, W. G. Ziller V5003, TRT. 


Maine: Freeport, Dec. 31, 1903, O. O. Stover (herb. Burt, ex herb. P. L. 
Ricker, as Cortictum roseum) FH, TRT; on Tsuga canadensis, Elliotsville, 
Sept. 12, 1905, P. L. Ricker 1622, BPI 71255, TRT; Orient, July 8, 1935, 
H. G. Eno and J. R. Hansbrough, BPI FP68986, TRT; Skowhegan, July 8, 
1935, H.G.E., BPI FP88980, TRT; Cornville, July 8, 1935, J.R.H. and 
H.G.E., BPI FP88981, TRT; Dover-Foxcroft, July 8, 1935, J.R.H. and 
H.G.E., BPI FP88982, TRT; Danforth, July 9, 1935, H.G.E. and J.R.H., BPI 
FP88978, TRT; Brookton, July 9, 1935, H.G.E., BPI FP88979, TRT; Milo, 
July 8, 1935, H.G.E., BPI FP88985, TRT; Otis, Aug. 24, 1943, J.R.H., BPI 
FP93276, TRT; Bar Harbor, Sept. 10, 1945, J.R.H., BPI FP93577, TRT. 


New Hampshire: On Tsuga canadensis, Intervale, Sept. 1901, R. Thaxter, 
FH; Thornton, July 16, 1933, H. G. Eno and J. R. Hansbrough 177, BPI 
FP63678, NY, TRT; Waterville, July 16, 1933, J.R.H. 176, NY; Marlow, 
Aug. 9, 1933, P. Spaulding and H.G.E., BPI FP63026, TRT; Plainfield, 
June 18, 1936, H.G.E., BPI FP69972, TRT; Bottomless Pit, Hanover, 
Aug. 27, 1937, L. O. Overholts, 20462, TRT. 


Vermont: On Tsuga canadensis, North Hero, Sept. 13, 1935, H. G. Eno, 
BPI FP69173, TRT; Poultney, Sept. 27, 1935, J. R. Hansbrough, BPI 
FP69371, TRT; Shoreham, Sept. 27, 1935, H.G.E. and J.R.H., BPI FP69826, 
TRT; Mt. Tabor, May 6, 1936, H.G.E., BPI FP70136, TRT; Bethel, May 7, 
1942, P. Spaulding, BPI FP93265, TRT. 


New York: On Tsuga canadensis, Sylvan Beach (Oneida Lake), July, 
C. H. Peck, NYS (as Illosporium cupulatum Pk. ined.); South bank of Watkins 
Glen, July 2, 1892, S. A. Beach and D. G. Fairchild, Ellis’s 4031 (as Minnsia 
carnea E. & E.), BPI; New Salem, June 2, 1924, H. D. House 235, NYS, TRT; 
Vaughans, N. of Hudson Falls, Dec. 1914, MO 44009, TRT; Feb. 13, 1915, MO 
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44194, CU PP27793, W. L. White Herb. 3346, FH, TRT; March 27, 1914, 
CU PP27797, W. L. White Herb. 2351, FH, TRT; Feb. 20, 1915, CU PP27792, 
W. L. White Herb. 3347, FH, TRT, IA, (all as Eichleriella Leveilliana (B. & C.) 
Burt, collected by S. H. Burnham); Lewis, Aug. 1920, A. H. W. Povah 899, 
FH, NY, TRT (as Minnsia carnea E. & E. ined.); Newcomb, Sept. 29, 1932, 
P. Spaulding and H. G. Eno, BPI FP82333, TRT; Eagle’s Nest, Inlet, Aug. 23, 
1934, L. O. Overholts 18946, and H. S. Jackson, TRT 22949, BPI; N. Hudson, 
July 25, 1935, H. G. E., BPI FP69023, TRT; Moriah Center, July 25, 1935, 
H.G.E., BPI FP69037, TRT; Alexandria Bay, Sept. 12, 1935, H.G.E. and 
J. R. Hansbrough, BPI FP69825, TRT; Churubusco, Sept. 13, 1935, H.G.E., 
BPI FP69185, TRT; King’s Ravines, N. of Frontenac Point, Cayuga Lake, 
May 2, 1937, TRT, NY, FH, IA; July 8, 1937, TRT, CU PP, NY, FH, IA; 
Oct 13, 1946, TRT 21338, NY (all collected by the author). 


Pennsylvania: On Tsuga canadensis, Ross Run, Huntingdon Co., April 29, 
1934, L. O. Overholts 16885; April 11, 1936, L.O.0. 19249, TRT; July 5, 1936, 
L. O. O. 18707, TRT; Alan Seeger Monument, Huntingdon CO., 4/3/37, 
G. L. Zundel, CU PP25776, TRT; Stone Creek, Huntingdon Co., June 27, 1936, 
L.O.0. 18734, TRT; Laurel Run, Huntingdon Co., April 11, 1937, L.O.O. 
20207; Lamar Gap, Clinton Co., July 27, 1940, L.O.O. 22921, TRT. 


Michigan: On Tsuga canadensis, Keweenaw Point, Aug. 1882, Miss S. 
Minns, Ellis Herb. 3703, NY (as Minnsia carnea E. & E. nov. gen.). 


Tennessee: On 7suga canadensis, Cades Cove, June 2, 1946, L. R. Hesler, 
TENN 17473, TRT. 


North Carolina: On Tsuga canadensis, Cranberry, July-Aug. 1887, R. 
Thaxter, (as ‘‘apparently Sphaerobolus”) FH, NY, TRT. 


California: On Pseudotsuga taxifolia, Darlingtonia, Jan. 3, 1947, H. E. 
Parks 6947, TRT, NY, FH. 


Oregon: On Pinus contorta, Rhododendron, Clackamas Co., Mar. 21, 1931, 
J. R. Hansbrough 1/73, BPI, NY, TRT; on Pseudotsuga taxifolia (same locality) 
Nov. 5, 1930, J.R.H. 175, NY. 


By far the majority of the collections listed above are of the sclerotial or 
“‘Minnsia”’ phase as that is the stage that has attracted the attention of col- 
lectors. No attempt has been made to indicate, in the list of specimens 
examined, those which are primarily of the basidial fructification. No doubt 
such fructifications have been more frequently collected than the specimens 
available would indicate but have been discarded since collections made in the 
fall are sterile. It is probable also that collections may have been filed in 
herbaria as Corticium roseum. It has been possible to check only a few 
herbaria for such collections. Most of the Ontario collections listed are of 
the basidial fructification. 

The flaring cup-shaped structure of the ‘‘Minnsia” stage, occurring as it 
does on the upper side of twigs and small branches, is suggestive that a 
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“splash-cup’’ mechanism may operate in the dissemination of the sclerotia, 
similar to the method briefly described by Dr. G. W. Martin (7, p. 244) for 
the dissemination of the peridiola in Crucibulum. During the early period of 
my interest in the ‘‘Minnsia”’ the late Dr. A. H. R. Buller had lectured at 
Toronto concerning his experimental studies of this mechanism as applied 
to the dissemination of the peridiola of the Nidulariaceae, and of the gemmae 
of the liverworts and mosses. Specimens of the ‘‘Minnsia’’ were shown to 
Dr. Buller and later to Dr. H. J. Brodie, who had been associated with Dr. 
Buller in this study. Both agreed that the structure was such that, in all 
probability, the sclerotia may be disseminated by drops of rain or drippings 
from branches above, splashing into the cups. No experimental tests have 
as yet been conducted with the ‘‘Minnsia”. Dr. Buller’s studies of this 
mechanism, so far as I am aware, remain unpublished except for an abstract (2) 
of a paper presented to the Royal Society of Canada in 1942. 

There is ample evidence, supported by field observations, that the sclerotia 
are disseminated and serve as propagating bodies. The ‘‘Minnsia”’ stage is 
usually at its best with fully developed sclerotia in August and early September 
though collections have been made in July. Later in the fall the peridia are 
found to be empty. These gradually shrivel and dry after the sclerotia have 
been disseminated but may persist to the degree that they are recognizable 
during the winter months and well into early spring. 

The sclerotia when planted on nutrient agar develop a rapidly growing 
mycelium from all sides and pure cultures are easily obtained from the marginal 
hyphae of such colonies. In nature, if a sclerotium comes to rest on the side 
of a twig or branch, it develops toward the under side a felt of mycelium 
which ultimately becomes a basidial fructification. There is some evidence 
that such colonies are at first rather superficial with very little development 
of mycelium in the bark though no detailed histological study has been made. 
Occasionally, where a fruiting body of the ‘‘Minnsia’”’ stage is developed 
toward the side of a twig, mycelium may grow out from the base of the 
peridium. 

In the development of the ‘‘Minnsia” stage the structure is at first a small, 
more or less sphaerical body which appears to break out from the superficial 
layers of the bark (Fig. 7). As it enlarges, a cleavage zone develops which 
results in the separation of an outer layer which becomes the flaring peridium, 
and an inner core which is left as the egglike sclerotium. The latter, when 
fully mature, is loosely attached at the base and easily removed. While 
there is no evidence of any specialized outer layer to the sclerotia, the hyphae 
have thick walls which presumably gelatinize, in the presence of moisture, 
sufficiently that the sclerotia adhere to any surface on which they come to 
rest. They are bright salmon in color when fresh. 

Aleurodiscus Minnsiae, as is evident from the hosts listed above, has so far 
been collected most commonly on Tsuga canadensis in northeastern North 
America and probably occurs throughout the range of that host. No collec- 
tions have yet been made on other coniferous hosts in that region. In the 
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west, however, collections have been made on two species of Pinus, Tsuga 
heterophylla, Pseudotsuga taxifolia, and Abies lasiocarpa bearing a fungus which 


” 


appears to be morphologically identical with the ‘‘Minnsia carnea’’ stage of 


| 
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Fic.1. Aleurodiscus Minnsiae, basidia, spores, and paraphyses. 


Fic. 2. Aleurodiscus Pini, basidia, spores, and paraphyses. (Reproduced at approxi- 
mately X 1000.) 








the eastern species. Dr. D. P. Rogers informs me that he, also, had collected 
the ‘“‘Minnsia” in Oregon on Pseudotsuga but no specimens are available and 
were perhaps not preserved. Unfortunately no basidial fructification is 
associated with any of these western collections except the ones from California 
and British Columbia on Pseudotsuga taxifolia and the one on Abies lasiocarpa 
from the latter province. The fructifications are immature. It is not 
possible, therefore, to state with finality that the western collections are 
A. Minnsiae. They are included in the above list with some hesitation. 
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While it seems probable that the basidial fructifications on these hosts, when 
available in good sporulating condition, will prove to be inseparable from 
A. Minnsiae, it must be recognized that biologically distinct forms or races 
may exist which might be indistinguishable morphologically. Quite recently 
preliminary evidence has been obtained that the western forms may show 
differences. During the summer of 1949 Dr. Mildred K. Nobles made cultures 
from the sclerotia of the two collections from British Columbia listed above on 
Pseudotsuga taxifolia and Abies lasiocarpa which she was kind enough to send 
me. Comparison of these with a culture of the eastern form on Tsuga cana- 
densis, isolated in October 1949 from sclerotia, indicates a decidedly different 
growth rate of the mycelium. Since no detailed study of the growth rate of 
collections made of the eastern form from different collections or localities is 
available, the full significance of the observation recorded above cannot be 
properly evaluated at present. It is obvious that a further study of western 
collections on different hosts in comparison with the eastern form is desirable. 


A notable feature of A. Minnsiae is the fact that the basidia mature in the 
Spring, commonly in late May or June. Ontario collections of the basidial 
fructifications made in the fall, winter, or early spring are sterile but show 
immature basidia in various stages of development depending on the date of 
collection. This is true also of the form on Pinus Strobus to be described 
later in this paper and of a form of A. roseus on Populus discussed on p. 74. 
It is not, however, true for all collections commonly labeled Cortictum roseum 
or Aleurodiscus roseus as found in herbaria. Collections from Ontario on 
Acer and on undetermined wood, for example, are fruiting in September and 
October. Of 33 collections in the University of Toronto herbarium made in 
various parts of the United States on broad-leaved hosts, 14 are sterile, 11 are 
producing basidia in the fall or winter, and 8 are fruiting in the spring. The 
related European species, A. polygonoides, evidently is in fruiting condition 
in the fall, judging from the few collections available. 


In 1915 Burt (3) recorded Eichleriella Leveilliana (B. & C.) Burt as occurring 
in New York State on the basis of three collections made by S. H. Burnham 
at Hudson Falls and one by G. W. Clinton at Buffalo labeled Stereum Leveil- 
lianum B. & C. House (5, pp. 22, 32) also records the species from New York 
based on another collection made by Burnham, the identification of which is 
credited to Burt. These records are decidedly out of range for this species, 
which is said to be common only in the southern states and in tropical America. 
The Burnham collections, cited by Burt, are on twigs of Tsuga canadensis 





Aleurodiscus Minnsiae. Fic. 3. Under side of twigs of Tsuga canadensis showing 
immature basidial fructifications as they appear in September. Natural size. Fic.4. Basidial 
fructification when in fruiting condition in late May or early June. Fic. 5. Upper side of two 
of the twigs from Fig. 3, showing the ‘‘Minnsia” stage. Natural size. Fic. 6. A portion of 
one of the twigs on Fig. 5 enlarged to twice the diameter. Fic. 7. The ‘‘Minnsia”’ stage 
still further enlarged. Note some empty peridia and a few small undifferentiated structures 
before the separation into peridium and sclerotium has occurred. 
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with the exception of one which is on Populus tremuloides. The collections 
on Tsuga, together with two additional ones on that host made at other dates 
during the same year by Burnham at Hudson Falls, all prove to be Aleurodiscus 
Minnsiae and are listed above. The one on Populus (MO 44170, CU PP27556) 
is a form of Aleurodiscus roseus occurring not uncommonly on the under side 
of dead branches of Populus and Salix in the tree. The Burnham collections 
were all made in the winter between December and March and consist of 
sterile basidial fructifications. At this season_of the yéar~and later the 
associated ‘‘Minnsia’’ stage on the Tsuga collections, which is at its best 
in the preceding summer and early fall, has often largely disappeared. 
Recognizable remnants are, however, present on some of the twigs which 
assist in making the identification positive.. The collection labeled as having 
been made by G. W. Clinton at Buffalo, N.Y. is something quite different. 
It is on the bark of some deciduous leaved host and is sterile. It has been 
examined recently at my request by Dr. G. W. Martin who reports that it is 
in all probability a young phase of E. Leveilliana. The out-of-range records 
from New York for this species are therefore reduced to one. 


Comparative Culture Studies 


During the early period when Aleurodiscus Minnsiae was under observation, 
another form occurring on the under side of dead branches of living Pinus 
Strobus was frequently collected. This also was obviously related, but quite 
different in general appearance from A. Minnsiae and from the usually 
collected form of A. roseus. There is never any evidence of an associated 
““Minnsia” stage. 


As noted above A. Minnsiae produces its spores in the late spring; fall and 
winter collections are sterile, but show immature basidia. This is true also 
of the form on Pinus. A set of single-spore cultures was obtained from the 
forms on both hosts in the spring of 1937. The only form of A. roseus avail- 
able at the time was one which occurs commonly on the under side of dead 
branches in trees of Populus tremuloides. This also produces its basidiospores in 
late May or early June. A set of monospores was obtained from this form also. 


A comparison of polysporous cultures was first made as an indication of 
comparative growth rate. Fig. 10 shows colonies from the three sources 
planted side by side on the same plate. The smallest colony is from Populus, 
the largest one from Pinus, and the medium one is of A. Minnsiae from Tsuga. 
The comparative growth rates were therefore indicative of different entities 
though no detailed study was attempted. 





Fic. 8.  Aleurodiscus Pini showing mature basidial fructifications. Natural size. 
Fic. 9. Aleurodiscus Minnsiae. Comparison of colonies from tissue cultures secured from 
developing basidial fructifications, from the peridium of the ‘‘Minnsia’’ stage and from the 
sclerotium. F1G. 10. Comparison of polysporous cultures, upper left colony of a form of 
Aleurodiscus roseus from Populus; upper right, Aleurodiscus Minnsiae; lower colony of 
Aleurodiscus Pini. FiG.11. Interfertility table for Aleurodiscus Minnsiae. FiG.12. Same 
for Aleurodiscus Pini. 
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An examination of the monospore cultures derived from the form of A. roseus 
on Populus showed that all the hyphae developed clamps at the septa, which 
was not true of monospore cultures derived from fructifications on Tsuga or 
Pinus. This fact, together with the decided difference in growth rate, clearly 
indicates that the form on Populus is biologically distinct from the forms 
occurring on Tsuga and Pinus. It is presumably “homothallic’’. Since no 
other form of more typical A. roseus was available for comparison in culture, 
it cannot be determined from the evidence available whether or not this form 
on Populus is distinct from the more commonly recognized form. As stated 
above, this form matures its basidiospores in late spring or early summer 
while some collections assigned to A. roseus from farther south are known to 
produce their basidiospores in late summer or early fall. It is quite possible 
that the form under discussion may prove worthy of segregation when a com- 
parative study of cultures from more sources is available. This form on 
Populus is apparently the same as the sterile form collected in February by 
S. H. Burnham, mentioned on p. 72, which was assigned by Burt to Eichleriella 
Leveilliana. , 


The hyphae of monosporous cultures secured from fertile fructifications of 
A. Minnsiae and from the form on Pinus Strobus remained clampless. Each 
set was paired in all possible combinations and the usual type of interfertility 
tables were prepared and are reproduced on Plate II. Fig. 11 is of Aleurodiscus 
Minnsiae, while Fig. 12 is the table for the form on Pinus. Both are hetero- 
thallic, in the sense that the term is usually used in the higher basidiomycetes, 
and apparently of the bipolar type of interfertility, though perhaps an insuff- 
cient number of cultures was available to rule out the possibility of tetra- 
polarity, especially in the case of A. Minnsiae. Cultures 2, 3, 4, and 5 of 
A. Minnsiae were paired with Cultures 1, 2, 3, and 7 of the form on Pinus. 
No clamps resulted in any of these pairings, showing that the two forms are 
incompatible and therefore biologically distinct. I am indebted to Dr. A. J. 
Skolko for having isolated the sets of monospore cultures and for conducting 
the interfertility tests and preparing the tables. 


Aleurodiscus Pini 


Because of the evidence furnished by the comparative culture studies 
reviewed above and the existence of certain morphological differences which 
are considered significant, together with the evidence that A. roseus is to be 
interpreted as a collective species, it has been decided to describe the form on 
Pinus Strobus as a new species. 

Aleurodiscus Pini sp. nov. (Figs. 2, 8, 12) 

Fructificatio primo parum roseo-alutacea, deinde cremeo-alutacea, 90-1104 
crassa, infrequenter continue effusa, saepe in parvis interruptis areolis sparsa, 
tenuiter membranacea, margine attenuato; subiculum angustum, hyphis 
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tenuiter tunicatis 3—3.54 diam., nodoso-septatis; paraphyses multae, supra 
ramosae, 2.5—3u diam., tenuiter tunicatae; basidia longo-cylindracea vel 
subclavata, 65-90 X 5-9 wu, 4 subulata, arcuata, 6-8u longa sterigmata 
gerentia; basidiosporae ellipsoideae, 10-12 X 6.5-7.5yu, tunicis tenuibus, 
hyalinis, non-amyloideis. 

Fructification pinkish buff when fresh, fading to cream buff, 90-110u 
thick, rarely continuously effused, more commonly in small discontinuous 
patches, soft membranous, margin thinning out; subiculum poorly developed, 
hyphae with walls only slightly or not at all thickened, 3-3.5u in diam., 
with clamps; paraphyses abundant, flexuous, branching above, 2.5-3y in 
diam., walls thin; basidia long cylindrical or subclavate, sometimes sub- 
ventricose below, 65-90  5-9u, arising from near the base of the subiculum, 
bearing 4 subulate slightly arcuate sterigmata, 6-84 long; basidiospores 
ellipsoid, 10-12 X 6.5-7.5y, slightly flattened below on one side, with 
prominent apiculus, walls thin, smooth, colorless, nonamyloid. 


Specimens examined: 


Ontario: On Pinus Strobus, woods E. of Maple, Nov. 2, 1935, TRT 8230, 
FH, NY, BPI, OTB, IA, UPS; June 1, 1936, R. F. Cain, TRT 10472; N. o 
Summit Golf Club, N. of Richmond Hill, Oct. 31, 1936, TRT 10828; May 20, 
1937, TRT 11702, FH, NY, OTB; June 3, 1937, TRT 11703 type, FH, NY, 
OTB, BPI, 1A, UPS; June 1, 1939, TRT 13241, FH, NY, BPI, IA; woods W. 
of Maple; June 11, 1937, TRT 11701; Oct. 6, 1937, TRT 11640, FH, NY, BPI, 
OTB; June 4, 1938, TRT 13325; Bear Island, Lake Timagami, Aug. 19, 1937 
TRT 11611; N. of Holland River Marsh, May 29, 1937, TRT 12688; N. of 
Cathcart, Brandt Co., May 6, 1938, R. F. Cain 13009; Oakland Swamp, 
Brandt Co., June 12, 1939, R. F. Cain, TRT 16494, FH, NY, BPI, OTB, IA, 
UPS; Oct. 9, 1939, TRT 15094, 15095; Constance Bay, N.W. of Ottawa, 
June 30, 1938, TRT 13561, FH, NY, BPI, OTB, IA; Lake of Two Rivers, 
Algonquin Park, Sept. 15, 1938, TRT 13438; June 13, 1942, TRT 17631, FH, 
NY, BPI, OTB, IA, UPS; Pt. Alexander, N. of Chalk River, Aug. 31, 1941, 
TRT 17428, UPS; Petawawa Forest Reserve, Chalk River, Sept. 2, 1941, TRT 
17357. 


Quebec: On Pinus Strobus, Morgan’s woods, near Ste. Anne de Bellevue, 
Aug. 25, 1941, H. S. Jackson, TRT. 


Pennsylvania: On Pinus Strobus, Ross Run, Huntingdon Co., Oct. 27, 
1931, L. O. Overholts 13785, TRT; Apr. 17, 1932, L.O.0O. 22401, TRT; 
Feb. 19, 1932, L.O.O. 16729 and R. W. Davidson, TRT; June 4, 1936, L.O.O. 
19297, TRT; English Center, Lycoming Co., May 8, 1936, L.O.O. 19271, TRT; 
Shaver’s Creek, Huntingdon Co., Feb. 2, 1936, L.O.0. 19221, TRT; McAlvey’s 
Fort, Huntingdon Co., Aug. 15, 1934, L.O.0O. 17642, TRT. (These specimens 
labeled Corticium roseum or C. roseum var. Strobi n. var. (ined.).) 
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New Hampshire: On Pinus Strobus, Jaffrey, July 23, 1939, G. D. Darker, 
6822, TRT; Waterville, July 21, 1932, J. R. Hansbrough, BPI FP81233, TRT. 


Massachusetts: On Pinus Strobus, Shirley, Nov. 11, 1935, D. H. Linder, 
F.H., Herb. D. P. Rogers 3179, TRT; Harvard Forest, Hamilton, July 18, 
1937, H. S. Jackson, TRT; Oct. 1940, D. P. Rogers 3178, TRT; Tapsfield, 
Aug. 18, 1928, J. R. Hansbrough, BPI FP81231, TRT. 


Michigan: On Pinus Strobus, Cheboygan, June 15, 1948, R. F. Cain, 
TRT 22882. 


Connecticut: On Pinus Strobus, East Granby, Apr. 11, 1939, H. G. Eno, 
BPI FP8&4260, TRT. 


New York: On Pinus Strobus, Ringwood Preserve, near Ithaca, Apr. 22, 
1935, W. L. White 1651, and H. Brandriff, FH, TRT; May 24, 1935, W.L.W. 
1697 and H.B. CU PP24738, FH, TRT; Ithaca, Mar. 2, 1935, W.L.W. 1677, 
CU PP24722, FH, TRT; Lyons Falls, Oct. 18, 1936, W.L.W. 2709 and H. J. 
Miller, FH, TRT; Old Forge, Adirondack Mts., Oct. 19, 1936, W.L.W. 2633 
and A. P. Viegas CU PP25524, FH, TRT. 


Aleurodiscus Pini differs from A. Minnsiae in a number of essential features. 
There is no evidence of a sclerotial disseminating phase. Cultures, as noted 
above, show a different growth rate and when monospore cultures of the two 
species are paired, no clamps are formed. The basidial fructifications when 
fresh show an appreciable difference in shade of color. The A. Pini fructi- 
fications are less extensive, thinner, and do not form as continuous a fruiting 
surface. The subiculum of fructifications of A. Pini is less well developed 
than in A. Minnsiae and the hyphae have much thinner walls. In A. Minnsiae 
the spores are ovoid while in A. Pini they are ellipsoid and appreciably smaller. 
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PHOTOCHEMICAL ACTIVITY OF ISOLATED SPINACH 
CHLOROPLASTS IN RELATION TO REACTION 
CONDITIONS! 


By K. A. CLENDENNING? AND P. R. GoRHAM? 


Abstract 


Oxygen production by illuminated chloroplasts in p-benzoquinone solution 
proceeds most rapidly at neutrality, is more rapid with sorbitol borate than 
phosphate buffer, is insensitive to buffer molarity, and does not require carbon 
dioxide. In 0.08% quinone solution, the oxygen yields are 65 to 75% of the 
theoretical with crude spinach chloroplasts and 85 to 95% with fon al 
chioroplasts. At concentrations above 0.08%, quinone strongly inhibits the 
photochemical reaction in which it serves as hydrogen acceptor, decreasing the 
total yield of oxygen as well as the initial rate of its production. Separation of 
the cell sap and cytoplasm from the chloroplasts by centrifuging and washing 
treatments largely eliminates dark reactions but also decreases photochemical 
activity in Hill and quinone solutions. Centrifuged chloroplasts have similar 
activities when resuspended in cell sap, distilled water, phosphate buffer, sucrose 
solution, or phosphate-sucrose solution. The supernatant fraction obtained by 
high speed centrifuging shows higher photochemical quotients in quinone solution 
and lower photochemical quotients in Hill solution than the chloroplast fraction 
diluted to the same chlorophyll concentration. The photochemical activity of 
crude and separated chloroplast suspensions in Hill and quinone solutions is 
inhibited to various degrees by 10-* M azide and hydroxylamine, but not by 107% 
M fluoride. The presence of tannins or 2 X 107? M adenosine triphosphate has 
no effect, but 1/10th saturated vitamin K weakly inhibits photochemical activity 
in quinone solution. The constant relation which was observed between the 
photochemical yields of H+ and oxygen in Hill solution, employing different 
reaction periods, chloroplast concentrations, or Hill solution minus certain com- 
ponents, indicates that these products have a common source, and that illumin- 
ated chloroplasts effect a photodecomposition of water. 


Introduction 


Several oxidizing media have now been described which support the photo- 
chemical production of oxygen by chloroplasts after their isolation (12 to 14, 
16, 22, 23). This residual activity of the chloroplasts is the only part of the 
complete photosynthetic mechanism which at present can be subjected to 
biochemical investigation. it may be of particular importance, since it 
apparently includes the photochemical phase of normal photosynthesis. 

The ferricyanide — ferric oxalate medium developed by Hill (13) and the 
quinone medium developed by Warburg and Liittgens (22, 23) have attracted 
widest attention. In Hill’s ferricyanide — ferric oxalate medium, the photo- 
chemical process yields titratable hydrogen ions as well as molecular oxygen. 
Convenient methods for the separate determination of these products have 
been provided by Holt and French (15). In Warburg’s quinone medium, the 
chloroplasts are subjected to a more dilute organic oxidant (0.0074 M) in 
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which their photochemical activity may persist for a period of hours. A 
minute amount of a single organic compound in this instance replaces the 
parts of the photosynthetic system which do not withstand cell rupture. 


This communication deals with effects of reaction conditions on the photo- 
chemical activity of chloroplasts in both ferricyanide — ferric oxalate and 
quinone solutions. Investigations of the influence of source and previous 
history on the photochemical activity of chloroplasts, and of the dark reactions 
shown by many species, are reported elsewhere (4, 5). 


Materials and Methods 
Chloroplast Source 


Spinach, Spinacia oleracea L. var. Long Standing Bloomsdale, was used 
throughout as the principal source of chloroplasts. For some experiments, 
chloroplasts of New Zealand spinach, Tetragonia expansa Thunb., or wheat, 
Triticum vulgare Vill. var. Coronation were used. 


Species Culture 


The glasshouse culture of spinach is rather difficult, and it is for this reason 
that only market spinach has been used in earlier investigations (1, 2, 15 to 17, 
22, 23). 

A supply of fresh healthy spinach leaves was maintained in the greenhouse 
by sowing at weekly intervals in moderately rich compost soil. The plants 
were grown in flats without added fertilizer. The minimum temperature was 
60° F., and the summer temperature was reduced by whitening the glass and 
circulating fresh air through the houses at approximately 400 c.f.m. During 
the summer, the day length was reduced to 10 to 12 hr. by covering the flats 
with heavy black cloth. This prevented bolting of the plants before they 
attained moderate size (20, 25 to 27). During late autumn and winter, the 
day length was extended to 12 hr. by supplementary illumination (Mazda, 
500 ft-c.). The plants.were somewhat small, but the leaves provided active 
chloroplasts at all seasons. New Zealand spinach and wheat were grown 
under the same conditions as spinach except that no control of day length 
was necessary. 


Crude Chloroplast Suspensions 


The leaves were collected immediately before grinding and weighed after 
the petioles were removed. The samples (usually 10 to 20 gm.) were chilled 
by spreading the leaves on crushed ice suspension. They were then pressed 
between sheets of blotting paper and ground for two minutes in a chilled 
mortar with sand, usually without grinding fluid. In certain cases, ice water 
or ice-cold 0.5 M sucrose was added to the extent of one-half the weight of 
the leaf sample. The chloroplasts were freed from cell wall materials and 
sand by squeezing the cold macerates through parachute nylon, collecting 
the crude filtrates in chilled centrifuge tubes. The filtrates were chilled in 
crushed ice for one minute, and were then centrifuged for one minute at 1250 g. 
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to remove residual sand and other heavy particles. The supernatant chloro- 
plast suspensions, called ‘‘crude chloroplast suspensions’’ hereafter, were stored 
in crushed ice (1° C.) in Thermos flasks prior to high speed centrifugation or 
direct use in photochemical studies. 


Separated Chloroplast Suspensions 


Separation of the chloroplasts from the cell sap and finely dispersed chloro- 
plast fragments was accomplished by centrifuging in a room at —1° C. either 
for five minutes at 22,000 g. (International No. 2 with Multi-Speed attach- 
ment) or for 30 min. at 2200 g. (International conical head No. 324). The 
packed chloroplasts were resuspended to three-fourths the initial volume in 
ice-cold distilled water and stored at 1° C. in Thermos flasks. These were 
called ‘separated chloroplast suspensions”’. 


Centrifugation for five minutes at 22,000 g., including acceleration and 
deceleration, required a total time of 15 min., and caused the liquid temper- 
ature to increase from 0° to 10 to 12°C. More prolonged centrifugation at 
22,000 g. caused a further increase in chloroplast temperature, and did not 
result in higher chlorophyll recoveries. Provision of a 0.5 M sucrose con- 
centration during the grinding and centrifuging operations did not result in 
increased chlorophyll recoveries (75 to 80%) at 22,000 g. on either spinach or 
New Zealand spinach samples. The clear supernatant fraction, which corre- 
sponds to Aronoff’s ‘‘solution” (1), was yellow-green in color, contained 


approximately 0.1 mgm. chlorophyll per ml., and displayed a Tyndall effect. 


The 20-ml. plastic tubes employed at 2200 g. made it possible to dilute the 
suspensions with two volumes of ice water before centrifuging, thereby 
reducing the concentration of cell sap constituents in the chloroplast cake. 
The chloroplast cakes obtained at 2200 g. were less compact, and chlorophyll 
recoveries were lower than at 22,000 g., but the accompanying temperature 
rise was never above 5° C. 


Chlorophyll Determination 


One milliliter chloroplast suspension was delivered into 25 ml. 85% acetone— 
water solution without mixing. The pipette was rinsed twice with the super- 
natant acetone solution. After thorough mixing, the extract was filtered with 
suction through Whatman No. 5 paper which was heavily coated with Johns- 
Manville Analytical Filter Aid. The residue was washed successively with 
85% acetone, and the combined filtrates were diluted to 100 ml. Chlorophyll 
content was then estimated colorimetrically, after appropriate dilutiof, by 
means of an Evelyn colorimeter (660 filter). The precision of this measure- 
ment was approximately 2%. 

The chlorophyll calibration curve for the colorimeter was standardized 
with a Cenco-Sheard Spectrophotelometer by the method of Comar, Benne, 
and Buteyn (6, 7). To prevent chlorophyll deterioration, it was found neces- 
sary to use freshly prepared peroxide-free ether and to remove solutions 
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promptly from the sodium sulphate used to dry them. To prevent evapora- 
tion of the ethyl ether solvent the measurements were made at 5° C. Deter- 
minations of total chlorophyll made at 568, 581, and 600 my were averaged 
with the slightly lower values obtained at 642.5 and 660 my for purposes of 
calibration. Duplicate values obtained with this method on solutions con- 
taining 25 mgm. chlorophyll per liter agreed within 0.6 mgm. 


Reagents 


The reaction medium, hereafter referred to as Hill solution, used in the 
titration measurements had the same composition as that employed by Holt 
and French (15): 0.02 M potassium ferricyanide, 0.01 M ferric ammonium 
sulphate, 0.5 M potassium oxalate, and 0.2 M sucrose. The Hill solution 
used in the manometric measurements had 1.5 times these concentrations (15). 


p-Benzoquinone (Eastman) and o-benzoquinone (Bios) were purified by 
sublimation before use. Aqueous solutions containing up to 1% p-benzo- 
quinone were prepared by prolonged shaking, usually in 10- to 25-ml. quan- 
tities, and were stored in darkness. o-Benzoquinone was weighed out in 
2-mgm. lots on a microbalance and, because of its low solubility, placed in 
the Warburg vessels in solid form. 


Adenosine triphosphate was provided as the barium salt by Prof. H.A. 
Lardy of the University of Wisconsin. Neutral aqueous solutions of the ester 
were prepared immediately before use as directed by Needham (21). 


Vitamin K,; and 2-methyl-1,4-naphthoquinone (Nutritional Biochemicals) 
were employed as saturated aqueous solutions as in the investigations reported 
by Gaffron (10,11). Solutions of sodium azide (Eastman), hydroxylamine 
(Merck), and sodium fluoride (Brickman) were prepared and the pH adjusted 
to 7.0 with dilute potassium hydroxide and hydrochloric acid immediately 
before use. 


Titration Measurement 


The apparatus and procedure used were essentially those of Holt and 
French (15). The bath was maintained at 10 + 0.1°C. The reaction 
vessel (50 ml. Pyrex beaker) was illuminated from below by an air-cooled 
1000 w. tungsten lamp with silvered neck reflector. A light intensity of 
3200 ft-c. white light was provided at the base of the reaction vessel. The 
light was filtered through 4.5 in. of water and through a Corning No. 349 
orange filter which removed wave lengths below 535 mu. The No. 349 filter 
was found experimentally to prevent photodecomposition of Hill solution. 
The light intensity at the base of the reaction vessel was measured with a 
thermopile and adjusted as required by varying the distance from the light 
source. 

The standard reaction mixture consisted of 2 ml. chloroplast suspension 
and 10 ml. Hill solution. The pH was rapidly adjusted to 7.0 with 0.1 NV 
potassium hydroxide and 0.01 N sulphuric acid. After equilibrium was 
attained, the light was switched on and the time required for the acid produced 
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to neutralize small additions of 0.01 N potassium hydroxide from a 10° C. 
water-jacketed microburette was recorded. A Leeds and Northrup pH meter 
(No. 7661-A1 assembly) was employed which permitted the detection of 
0.2 microequivalents of acid. The photochemical quotient (Qj) was cal- 
culated from the observed alkali consumption after the manner of Holt and 
French (15). The activity thus expressed corresponds to oxygen production 
in cu. mm. per mgm. chlorophyll per hour. Unless otherwise stated, the 
recorded quotients are based on the acid production which was observed during 
the first five minutes of illumination. 


Manometric Hill Measurement 


The apparatus and method used to measure oxygen production was also 
similar to that employed by Holt and French (15). The Warburg vessels 
were chilled by crushed ice and the following additions made to each: 2 ml. 
Hill solution and 0.5 ml. 1.0 M sodium sorbitol borate to the main com- 
partment; 0.2 ml. 20% potassium hydroxide and a strip of filter paper to the 
center well; and 0.5 ml. chloroplast suspension containing 0.25 to 0.5 mgm. 
chlorophyll to one side arm. The chloroplasts were added just before the 
vessels were immersed in a bath maintained at 10 + 0.05°C. Nitrogen was 
introduced for 10 min. with the vessels shaking at the rate of 120 strokes per 
min. After 5 to 10 additional minutes for equilibration, the zero settings were 
made, vessels tipped, shaking resumed, and the light switched on. White 
light of 360 ft-c. intensity was provided at the base of the vessels by a pair 
of 60 w. frosted Lumiline lamps, 18 in. long, housed in a cylindrical air chamber 
located one-half inch below the vessels. Manometer readings were taken 
at 5- to 10-min. intervals for 20 to 120 min. The data were calculated as 
photochemical quotients (QS) which express the oxygen yield as cu. mm. 
per mgm. chlorophyll per hour. 


Manometric Quinone Measurement 


The same procedure was used for activity measurements in quinone solution 
except that the contents of the vessels were essentially those employed by 
Warburg and Liittgens (22, 23), namely 1 ml. 0.1 M potassium phosphate and 
1 ml. chloroplast suspension (0.5 to 1.0 mgm. chlorophyll) in the main com- 
partment and 0.5 ml. 0.4% p-benzoquinone solution in the side arm. The 
presence of potassium hydroxide in the center well was found to have no 
effect on the measurement and was usually omitted. 


Results 
TIME COURSE OF THE TITRATION AND MANOMETRIC MEASUREMENTS 


Titration Method 


Holt and French (15) observed that the rate of photochemical acid produc- 
tion by spinach chloroplasts in unbuffered Hill solution (pH 6.5) remained 
almost constant during five minutes’ illumination at approximately 4000 ft-c., 
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and that acid production ceased when the light was turned off. Very similar 
data were obtained at pH 7.0 with spinach chloroplast suspensions at a simi- 
larly high light intensity (Fig. 1). A slight thermal production of acid 
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Fic.1. Acid production by crude chloroplast suspensions in Hill solution, with and without 
illumination. A. Spinach chloroplasts, 1.06 mgm. chlorophyll per vessel. Q3, = 1310. 
B. New Zealand spinach chloroplasts, 0.76 mgm. chlorophyll per vessel. Q3, = 470. 


occurred immediately after mixing spinach chloroplasts with Hill solution, but 
dark acid production was negligible during the five minute illumination period. 

With crude chloroplast suspensions of N.Z. spinach as well as most other 
species, the thermal production of acid continued throughout the titration 
measurement (Fig. 1). The photochemical production of acid was super- 
imposed on the dark process, resulting in abrupt changes in slope when the 
light was turned on and off. Further information on this phenomenon as 
well as the details of the method employed to correct photochemical activity 
measurements for it are presented elsewhere (4). 


Manometric Methods 


Fig. 2 provides typical data on the time course of oxygen production by 
spinach chloroplasts in Hill and quinone solution. These measurements were 
made simultaneously on aliquots of the same suspension of separated spinach 
chloroplasts. Oxygen production was initially more rapid with Hill solution, 
despite the lesser amount of chloroplasts, but decreased rapidly with time. 
Oxygen production in quinone solution proceeded with only a gradual decrease 
in rate until the reaction was complete, which required approximately two 
hours. Oxygen production was about equally affected, under the conditions 
of the two procedures, by the presence of atmospheric oxygen. Equal rates 
of oxygen production were observed repeatedly in argon and commercial 
nitrogen atmospheres. 
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Fic. 2. Influence of nitrogen and air atmospheres on the photochemical evolution of oxygen 
by spinach chloroplasts. A. Quinone solution, 0.75 mgm. chlorophyll per vessel. B. Hill 
solution, 0.38 mgm. chlorophyll per vessel. 


Boyle (2) has indicated that traces of carbon dioxide must be present for 
the quinone reaction to proceed, at least with finely dispersed chloroplast 
fragments. On repeating his experiments, using the supernatant fraction 
obtained at 22,000 g., no difference in oxygen evolution was observed in the 
presence or absence of potassium hydroxide (Fig. 3). Using resuspended 
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Fic. 3. Oxygen evolution by spinach chloroplast fragments with and without 0.2 ml. 10% 
potassium hydroxide in the center well, One milliliter chloroplast suspension (supernatant) 
containing 0.25 mgm. chlorophyll, 1 ml. 0.1 M phosphate, pH 7.0, 0.5 ml. 0.4% quinone 
(side arm), nitrogen atmosphere. 
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chloroplasts, there was also no evidence of carbon dioxide participation, in 
agreement with the findings of Brown and Franck (3). The stimulation of 
photochemical oxygen production by carbon dioxide in the absence of added 
oxidants, as reported by Franck (8), would not be detectable by standard 
manometric methods. 


EFFECT OF BUFFERS ON CHLOROPLAST ACTIVITY IN QUINONE SOLUTION 


Preliminary experiments were conducted with different buffer mixtures 
which provided a pH of 7.0 in the quinone reaction mixture. Oxygen 
production was unaffected by buffer molarity, within wide limits, when either 
phosphate or sorbitol borate was employed. Higher initial rates of oxygen 
production were observed when crude chloroplasts were buffered with sodium 
phosphate vs. potassium phosphate (Table I). Buffering with sodium sorbitol 
borate, used previously by Holt and French (15), resulted in higher initial 
rates of oxygen production than were observed with either of the phosphate 
buffers (Table I). 


TABLE I 


EFFECT OF BUFFERS ON THE INITIAL RATE OF OXYGEN EVOLUTION BY SPINACH CHLOROPLASTS 
IN QUINONE SOLUTION 


(One milliliter crude chloroplast suspension containing 1.2 mgm. chlorophyll, 0.5 ml. 0.4% 
quinone, 1 ml. buffer, pH 7.0, 10° C., 360 ft-c.) 




















Oxygen yield per vessel, .cu. mm., 0 - 20 min. 
Buffer 
Experiment 1 Experiment 2 
M/25 potassium phosphate 38.8, 40.0 41.9, 42.9 
M/25 sodium phosphate 46.0, 47.8 51.3, 55.6 
0.4 M sodium sorbitol borate 66.3 67.7 











On repeating the above experiment with separated chloroplasts, no difference 
in activity was observed at pH 7.0 in the presence of sodium vs. potassium 
phosphate buffers (M/2.5 and M/25). The higher activity in sorbitol 
borate vs. phosphate persisted, as shown by Fig. 4. The oxygen yields were 
not affected by the (final) pH of the reaction mixture between 6.5 and 7.3, 
and the yields also were the same with the phosphate and sorbitol borate 
buffers. Maximum activity in quinone solution was shown at approximate 
neutrality (Fig. 4). The optimum pH for both the ferricyanide — ferric 
oxalate (15) and quinone reactions thus is considerably above that of spinach 
leaf sap (6.3 to 6.5). 


EFFECTS OF QUINONE CONCENTRATION 


Quinone concentration was found to have important effects on the rate of 
oxygen production as well as on the final oxygen yield obtained with separated 
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Fic. 4. Effect of buffers and pH on oxygen evolution by spinach chloroplasts in quinone 


solution. 


spinach chloroplasts (Fig. 5). 


1.0 mgm. quinone per vessel than with 2 mgm. and larger amounts, and at 
low concentrations the reaction went rapidly to completion (Fig. 5). With 
2 mgm. per vessel, oxygen production continued steadily until approximately 


40 80 
TIME, MINUTES 


The initial rate was more rapid with 0.5 to 


90% of the theoretical yield was attained. 
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Fic. 5. Effects of quinone concentration on oxygen evolution by spinach chloroplasts. 
A. Crude chloroplast suspension, 0.88 mgm. chlorophyll per vessel. B. Separated chloroplast 
suspension, 1.17 mgm. chlorophyll per vessel. 
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quinone, the rate of oxygen production as well as the total yield was drastically 
reduced. Quinone therefore must inhibit the chloroplast reaction in which 
it serves as a hydrogen acceptor. 


The effects of the cell sap and cytoplasm on the chloroplast—quinone reaction 
are also illustrated in Fig. 5. The yield of oxygen from 2 mgm. and smaller 
amounts of quinone per vessel was reduced by the cell sap, whereas the yield 
from 4 mgm. quinone was increased. These effects of the cell sap are attri- 
buted to the removal of part of the quinone by nonphotochemical reactions. 
At inhibiting quinone concentrations, higher rates of oxygen production 
are to be expected in the presence than in the absence of the reducing con- 
stituents of the cell sap. 

Employing 2 mgm. quinone per vessel, the oxygen yields amounted to 


65 to 75% of the theoretical with crude chloroplast suspensions, and 85 to 95% 
with separated chloroplasts (0.5 to 1 mgm. chlorophyll). 


Chloroplast Suspension Medium 


The activity of chloroplasts separated by high speed centrifuging at 2200- 
22,000 g. was always much lower than the activity of the initial crude suspen- 
sion (Table II). A succession of washing treatments produced further 
decreases (Table III). The activity of the separated (unwashed) chloro- 


TABLE II 


PHOTOCHEMICAL ACTIVITY OF NEW ZEALAND SPINACH CHLOROPLASTS BEFORE AND AFTER 
CENTRIFUGING 
































Titration Manometric 
a pa ee Time from Time from Qs) (0 - 20 min.) 
ee re ‘| grinding, On. grinding, $$$ 
min. min. Hill Quinone 
Crude 1.07 20 340 57 75 80 
Separated 0.75 118 90 110 48 40 
TABLE III 


PHOTOCHEMICAL ACTIVITY OF SPINACH CHLOROPLASTS SUBJECTED TO A SUCCESSION OF 
CENTRIFUGING (FIVE MINUTES AT 22,000 G.) AND WASHING TREATMENTS 








Time from Chlorophyll, 
Treatment grinding, mgm. per ne 
min. vessel 
Initial suspension 75 1.09 720 
Centrifuged and resuspended once 105 0.85 610 
Centrifuged and resuspended twice 170 0.69 470 
Centrifuged and resuspended thrice 190 0.40 320 
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plasts resuspended in distilled water did not differ greatly from that shown in 
(supernatant) cell sap or in phosphate, sucrose, or sucrose—phosphate solutions 
(Table IV). 

TABLE IV 


PHOTOCHEMICAL ACTIVITY OF SPINACH CHLOROPLASTS CENTRIFUGED FIVE MINUTES AT 22,000 G. 
AND RESUSPENDED IN DIFFERENT MEDIA 














4 (0 - 30 min.) 
: , Chlorophyll 5 Qs: ( 
Resuspending medium ; On 
mgm. per ml. Hill Quinone 
Supernatant cell sap 1.33 710 100 120 
Distilled water 1.10 590 110 120 
0.05 M phosphate, pH 6.5 1.06 610 145 110 
0.5 M sucrose 1.06 640 140 135 
0.05 M phosphate in 0.5 M sucrose, 1.09 550 150 125 
pH 6.5 

















Warburg and Liittgens (23) reported that the photochemical activity in 
quinone solution that is lost by washing or dialyzing chloroplasts is completely 
restored by M/3000 potassium chloride. Upon repeating their experiment,* 
we have observed an appreciable stimulation by 14/3000 potassium chloride, 
but only one-third of the activity lost by washing the spinach chloroplasts 
successively with water was restored. 


Qc, 

(0 - 20 min.) 
Initial crude chloroplast suspension 124 
Centrifuged control 61 
Washed chloroplasts in 17/3000 potassium chloride 35 
Washed chloroplasts in water 23 


CHLOROPLAST CONCENTRATION 


Titration Measurements 


Holt and French (15) observed a direct proportionality between the rate of 
acid production in light of 4500 ft-c. intensity (red-filtered) and the amount 
of spinach chloroplasts present, up to and including 0.8 mgm. chlorophyll 
per vessel. We have observed that the photochemical quotients for spinach 
chloroplasts are depressed by chlorophyll concentrations above 1.0 mgm. 
per vessel, apparently as a result of total light absorption (Fig. 6). The 
photochemical quotients (Qj+) for wheat chloroplast suspensions, corrected 

* The crude chloroplast suspension was centrifuged 15 min, at 15,000 g., with a temperature 
rise of 0 to 6° C.; the supernate was discarded; the chloroplasts were then resuspended uniformly 
to initial volume in water, centrifuged, and the supernate discarded. The washing was repeated, 
and the twice washed chloroplasts were then suspended in either M/3000 potassium chloride or 


water. Chloroplasts which were resuspended in supernatant cell sap after centrifuging three times, 
served as a control. Time required to prepare the chloroplasts, 90 min. 
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for dark acid production, were almost unaffected by chlorophyll concentration 
in the range 0.4 to 1.45 mgm. per vessel (Fig. 6). 
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Fic. 6. Effect of chloroplast concentration on the photochemical activity of crude chloroplast 
suspensions of wheat and spinach. (Broken line estimated from three groups of measurements.) 


After heat inactivation, spinach chloroplasts produced negligible acid during 
five minutes’ illumination in the presence of Hill solution. Heat inactivated 
chloroplasts from wheat as well as most other species produced approximately 
equal amounts of acid in light and darkness when suspended in Hill solution. 
The amounts of acid produced in darkness bore a linear relation to chloroplast 
concentration. This property is dealt with in detail elsewhere (4). 

In the course of the titration measurements, the reaction mixture becomes 
considerably diluted when the chloroplasts are highly active. As Table V 
shows, dilution of the reaction mixture per se produces no change in the rate 
of photochemical acid production. 


TABLE V 


EFFECT ON PHOTOCHEMICAL ACTIVITY OF DILUTING THE REACTION MIXTURE 
WITH 5 ML. OF 0.5 M SUCROSE 


(Crude wheat chloroplast suspensions, stored at 1°C. Data arranged in 
the order of testing, which required approximately two hours) 

















a? 
Volume of 
reaction mixture, 1.06 mgm. chlorophyll | 1.20 mgm. chlorophyll 
ml. per vessel per vessel 
12 180 160 
17 150 160 
17 150 170 
12 160 180 
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Manometric Measurements 


Holt and French (15) found that the initial rate of oxygen evolution at 
250 ft-c. is not directly proportional to chlorophyll concentration between 0.1 
and 0.4 mgm. per vessel. When their data are expressed as photochemical 
quotients, the activities at 0.1 and 0.4 mgm. chlorophyll are 600 and 300 
respectively. Under our conditions, the photochemical quotients in Hill solu- 
tion also increased sharply with decreasing amounts of chloroplasts (Fig. 7B). 
The chlorophyll concentration effect diminished as the reaction progressed. 
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Fic.7. Effect of chloroplast concentration on oxygen evolution in quinone (A) and Hill (B) 
solutions. 


The same chloroplast suspensions gave small positive readings (about 4 cu. 
mm.) when illuminated for 10 min. in Hill solution after heat inactivation. 
These positive readings were essentially the same at all chlorophyll concen- 
trations, and underwent little change when illumination was continued beyond 
10 min. Application of the pressure change observed after heat inactivation 
as a correction had a large effect on the photochemical quotients for the first 
10 min. of illumination, particularly at low chlorophyll concentrations. 

A similar effect of chloroplast concentration on the photochemical quotient 
was observed in the presence of 2 mgm. quinone per vessel at 360 ft-c. 
(Fig. 7A). Photochemical quotients for the first 10 min. in light were always 
highest at the lowest chlorophyll concentrations. After 10 min. illumination, 
the effect of chlorophyll concentration was greatly reduced. Data obtained 
from chloroplast dilution series including chlorophyll concentrations as high 
as 1.25 mgm. per vessel were very similar to those of Fig. 7A: the quotients 
decreased with increasing chlorophyll concentration, and this effect became 
less pronounced as the reaction progressed. 
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After heat inactivation, the chloroplast suspensions referred to in Fig. 7A 
showed an average gas production of 1.0 to 1.5 cu. mm. per 10 min. illumina- 
tion up to60 min. The amount of chloroplasts had little effect on the observed 
pressure change, which was only slightly reduced by a subsequent 10 min. in 
darkness. Positive pressure did not develop in quinone solution without 
heated chloroplasts, but was developed to an equal extent by unheated chloro- 
plasts in the absence of quinone. 


CHLOROPLAST FRAGMENTATION 


Aronoff (1) reported that, in terms of chlorophyll content, the supernatant 
“‘solution’’ obtained by 15 min. centrifuging at 6700 g. was 10 times as active 
in quinone solution as the deposited chloroplast fragments. Considering 
the care that is usually taken to remove the cell sap and cytoplasm, and to 
prevent chloroplast disintegration, this observation of high photochemical 
activity in colloidally dispersed chloroplast substance is particularly inter- 
esting. 

The relative photochemical activities of a supernatant “‘solution”’, obtained 
by centrifuging a spinach chloroplast suspension at 22,000 g., and of the 
deposited chloroplast fragments diluted to the same chlorophyll content as 
the solution, were determined by three methods (Table VI). Under the 


TABLE VI 


PHOTOCHEMICAL ACTIVITY OF THE SUPERNATANT SOLUTION AND RESUSPENDED SPINACH 
CHLOROPLASTS AFTER FIVE MINUTES CENTRIFUGATION AT 22,000 G. 


(Chlorophyll concentration of both fractions 0.17 mgm. per ml.) 

















Q8 (0 - 20 min.) 
Fraction ae Bats ae 
Hill Quinone 
Supernatant 350 265 235 
Resuspended chloroplasts 710 550 120 











conditions of the titration and manometric Hill measurements, the photo- 
chemical quotients for the “‘solution’’ were only one-half as great as those for 
the resuspended chloroplast fragments (Table VI). In quinone solution 
(2 mgm. in 2.5 ml.) the photochemical quotient for the ‘“‘solution’’ was twice 
as high as for the resuspended chloroplasts containing the same quantity of 
chlorophyll. The higher activity observed by Aronoff in the finely dispersed 
chloroplast fraction or ‘‘solution’’ thus was confirmed when quinone but not 
when ferricyanide — ferric oxalate was employed as oxidant. The fact that 
the observed solution activity was here only twice rather than 10 times as high 
as the resuspended chloroplast fraction is attributed to the use of identical 
chlorophyll concentrations in the comparison, and to the use of a lower 
quinone concentration. 
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REPRODUCIBILITY OF THE ACTIVITY MEASUREMENTS 


Titration Measurements 


Photochemical activity measurements were made in rapid succession on 
several suspensions of wheat chloroplasts. No correction for storage deterior- 
ation was necessary since the initial rate of hydrogen ion production by wheat 
chloroplasts at high light intensity declines very slowly with time (5). The 
variation between successive measurements was 9 to 10% (40.05 ml. 0.01 NV 
potassium. hydroxide) (Table VII). 


TABLE VII 
VARIABILITY OF REPLICATE DETERMINATIONS OF Qi, 


(Crude wheat chloroplast suspensions stored in darkness, 1° C.) 














Chlorophyll, No. of Maximum A Coefficient 

Sample mgm. per determina- | storage time, ee of variation, 
vessel tions , min. Ht 0 
1 1.53 8 191 213 + 9 8.9 
2 1.06 7 364 166 + 16 9.8 
3 1.20 5 150 176 + 19 10.2 




















Manometric Quinone Measurements 


Coefficients of variation for oxygen production in quinone solution were 
determined on several spinach and wheat chloroplast suspensions representing 
different levels of activity, as well as on replicate chloroplast suspensions that 
were prepared simultaneously from the same population of spinach plants. 
Oxygen measurements were conducted simultaneously in sets of five. The 
differences observed between 10-min. increments as well as between cumu- 
lative totals were calculated as coefficients of variation. 

Over 6% variation (+ 1.8 cu. mm.) occurred between the gas increments 
observed at 10-min. intervals with highly active spinach chloroplasts (Table 
VIII); cumulative totals observed at 10-min. intervals up to 60 min. showed 
4% variation (+ 3cu.mm.). With chloroplasts of low activity, the variation 
in oxygen production between aliquots was much greater on a percentage 
basis, but remained the same with respect to absolute differences in gas 
evolution. 

The variation between measurements on separately prepared suspensions 
was over 10% when the activity was high, and over 20% when the activity 
was very low (Table VIII). The samples in question were each composed 
of 50 leaves which were quite uniform in size and appearance, and were obtained 
from single populations of plants. Although the maceration, filtration, and 
centrifuging steps were carefully standardized, no doubt part of the observed 
variation between chloroplast preparations arose from these operations. 
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TABLE VIII 


VARIABILITY OF DETERMINATIONS OF OXYGEN EVOLUTION BY CHLOROPLAST SUSPENSIONS IN 
QUINONE SOLUTION 
































Coefficient of variation, % 
Approx. Q8; Total no. of Cc lati 
Sample (0 - 30 min.)| determinations 10-Min. ~~ 
increments 10-min. 
intervals 
Between aliquots 
Spinach, high activity 125 48 6.6 3.6 
Gx4x > 
Wheat, high activity 125 16 8.6 3.9 
(1 x 4 X 4)* 
Spinach, low activity 40 16 14.3 $.7 
(1 X 4 X 4)* 
Spinach, high activity, taken 125 10 —- (120 min.) 
to completion 3.0 
Between preparations 
Spinach, high activity 125 60 12.1 10.9 
(3 X 4 X 5)* 
N.Z. spinach, low activity 30 24 28.0 19.0 
@ x 4% 3)* 








* (Number of experiments) (Number of manometer vessels) (Number of observations per vessel). 


INHIBITOR STUDIES 


Agreement has not been reached concerning the effects of azide, fluoride, 
and hydroxylamine on the photochemical activity of isolated chloroplasts 
(1, 9, 12, 18). Hill’s data were obtained with crude Stellaria chloroplast 
suspensions in 4 X 10-* M ferric oxalate. No inhibition was observed with 
4 X 10 M fluoride or azide at pH 8 within 300 to 500 sec. An inhibitory 
effect was apparent with 0.2 X 10-* M hydroxylamine within this reaction 
period, but this was believed to be an artifact caused by its combination with 
haemoglobin. Aronoff (1) subsequently reported that the quinone — chloro- 
plast ‘‘grana’’ reaction is not inhibited by azide and hydroxylamine. It is 
understood that these compounds were tested in the presence of excess 
quinone on grana separated by centrifugation at 6700 g. 

Holt and French (9, 18) have reported that the Hill reaction is inhibited by 
low concentrations of azide, fluoride, and hydroxylamine. When the photo- 
chemical reaction in ferricyanide — ferric oxalate was allowed to proceed for 
one hour in an atmosphere of air, 72% inhibition was observed with 10-* M 
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hydroxylamine and complete inhibition was observed with 10-* M azide. 
When oxidation-reduction dyes served as oxidants, 50% inhibition was ob- 
served with 3 X 10-4 M hydroxylamine or 0.08 M azide. 


In the present study, the effects of freshly prepared, neutral azide, fluoride, 
and hydroxylamine (10-* M) were determined in Hill and quinone solution 
under the conditions of the manometric and titration methods. Both crude 
and separated spinach chloroplasts were employed. 

Titration Measurements 

Under the conditions of measurement, fluoride and azide caused no apparent 

inhibition (Table IX). Addition of hydroxylamine to the Hill solution caused 
TABLE IX 
ErFects OF 107? M FLUORIDE, AZIDE, AND HYDROXYLAMINE ON PHOTOCHEMICAL ACTIVITY 


(Crude spinach chloroplast suspension, 0.7 mgm. chlorophyll per vessel) 














T Chloroplast storage ch 
Treatment time, min. Quis 
Sodium fluoride 10 1160 
Sodium azide 30 1080 
Hydroxylamine 45 980 
730 (corrected) 
Control 75 1080 











a rapid production of acid in the absence of chloroplasts and light. When a 
correction was applied to the acid produced in strong light for the estimated 
dark acid production, the photochemical yields were below the controls. 
It is possible that this reduction arose through the destruction of Hill solution 
components rather than by the inhibition of chloroplast enzymes. 


Manometric Hill Measurements 

Oxygen evolution with crude chloroplast suspensions appeared to be stimu- 
lated by fluoride and hydroxylamine, but inhibited, after 20 min., by azide 
(Fig. 8). On removing the cell sap and cytoplasm, the stimulating effect of 
the hydroxylamine and inhibiting effect of the azide were more pronounced 
(Fig. 9). The stimulation of gas production by hydroxylamine was apparent 
at a very early stage, whereas its inhibition by azide was not apparent until 
the reaction had proceeded for 20 min. (Fig. 9). 


Manometric Quinone Measurements 


The chloroplast — quinone reaction was stimulated by fluoride when either 
crude or separated chloroplast suspensions were employed (Figs. 8,9). Azide 
inhibited this reaction quite strongly, its effect becoming more pronounced 
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with time. No production of gas was observed in the presence of hydroxyl- 
amine after the first 10 min. in light. 
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Fic. 8. Effects of 10-* M sodium fluoride, sodium azide, and hydroxylamine on photo- 
chemical oxygen evolution by crude spinach chloroplast suspensions. A. Quinone solution, 
1.20 mgm. chlorophyll per vessel. B. Hill solution, 0.60 mgm. chlorophyll per vessel. 
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Fic. 9. Effects of 10-* M sodium fluoride, sodium azide, and hydroxylamine on photo- 
chemical oxygen evolution by separated spinach chloroplast suspensions. A. Quinone solution, 
0.86 mgm. chlorophyll per vessel. B. Hill solution, 0.47 mgm. chlorophyll per vessel. 
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If hydroxylamine and azide remove the quinone by chemical reactions, their 
inhibiting effects should be proportionately greater in the presence of smaller 
amounts of quinone. The yield of oxygen actually was less affected by the 
azide and hydroxylamine in the presence of 0.5 than in the presence of 2.0 
mgm. quinone per vessel (Fig. 10). These data indicate that azide and 
hydroxylamine affect the photochemical activity by way of the chloroplasts 
rather than the quinone. 
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Fic. 10. Effect of quinone concentration on photochemical oxygen evolution by separated 
spinach chloroplast suspensions in the presence of 10-* M hydroxylamine or sodium azide. 
A. Hydroxylamine, 0.38 mgm. chlorophyll per vessel. B. Sodium azide, 0.45 mgm. chloro- 
phyll per vessel. 


The differences in response to these compounds observed in the present 
study under different conditions, particularly with different oxidants and 
reaction times, may help to explain the discrepancies in earlier studies. The 
effects of these inhibitors on the photochemical activity of isolated chloro- 
plasts apparently vary a great deal with the conditions under which the activity 
is measured. 


EFFECTS OF OTHER COMPOUNDS 


Adenosine triphosphate at 2 X 10-* M did not increase either the rate of 
photochemical oxygen production or the oxygen yield from crude or separated 
spinach chloroplast suspensions in quinone solution. The activity of spinach 
chloroplasts which had been stored at 1°C. for three hours also was not 
increased by this compound. 

Vitamin K, (2-methyl-3-phytyl-1,4-napthoquinone) as well as 2-methyl-1,4- 
napthoquinone, at 1/10th saturation in aqueous solution, weakly inhibited the 
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photochemical evolution of oxygen by separated spinach chloroplast suspen- 
sions in quinone solution. The effects of these compounds on the photo- 
chemical activity of isolated chloroplasts is therefore similar, in a qualitative 
sense, to those reported by Gaffron (10) on metabolic reactions in Scenedesmus 
cells. 


The photochemical activity of spinach chloroplasts in either Hill or quinone 
solution was not affected by the presence of leaf tannins (0.5 ml. 1% tea 
infusion per vessel). No evolution of oxygen was observed when highly active 
spinach chloroplasts were illuminated in the presence of sublimed o-benzo- 
quinone (2 mgm. solid per vessel). The ineffectiveness of this quinone isomer 
may have been caused by its low solubility. 


EQUIVALENCE OF Ht AND QO, YIELDS IN THE HILL REACTION 


Kautsky (19) believed that the oxygen produced by isolated chloroplasts 
in the presence of ferric oxalate arises by the photodecomposition of organic 
peroxides which persist in the chloroplasts for a short time after their isolation. 
According to his interpretation, chlorophyll transfers the absorbed light 
energy to the peroxide which in the presence of added oxidants yields molecular 
oxygen by decomposition. The amount of oxygen produced would thus be 
controlled by the peroxide stored in the chloroplasts. Kautsky indicated that 
such oxygen production im vitro is a measure of pre-existing peroxide rather 
than of the chloroplasts’ capacity to decompose water. Later improvements 
in the chloroplast medium have greatly increased the rates of oxygen produc- 
tion. By Kautsky’s interpretation, this improvement would be attributed 
to a more efficient catalysis of peroxide decomposition. 


There are now several lines of evidence supporting the conclusion that the 
oxygen produced by isolated chloroplasts arises from water in the same 
manner as in normal photosynthesis. The added oxidant is reduced in the 
course of the photochemical reaction (12, 14, 22, 23), and over a limited con- 
centration range, a stoichiometric relation exists between the oxygen yield and 
the reducible substances or substrates that are provided (15, 22 to 24). The 
results of experiments with O'8, which became available after the investigation 
reported below was completed, provide further evidence that the evolved 
oxygen is derived from water rather than from stored peroxides (17). 


The equation for the Hill reaction requires the production of 4H* per 

molecule of oxygen liberated from water: 
- ‘ light ays 
4K3Fe(C20,4)3 + 2H:,O + 4K+ a 4K4Fe(C20,4)3 +- 4H+ + Oz 
chloroplasts 

To test this equation, a series of experiments was conducted with separated 
chloroplasts in which the yields of both oxygen and H+ were determined on 
the same unbuffered reaction mixtures. After correcting the data for the 
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changes observed in the dark controls, the photochemical yields of Ht observed 
in the contents of individual manometer vessels were compared with 
the H* yields predicted from the oxygen yields observed in the same mano- 
meter vessel (1 cu. mm. O2. = 0.01786 ml. 0.01 N potassium hydroxide), 
Agreement between the observed and calculated H+ yields was within 0.15 ml. 
0.01 N potassium hydroxide. The relation between the yields of Ht and O; 
was the same for different reaction periods (Table X), for different chloroplast 
concentrations (Table XI), and for omissions of different components of Hill 
solution (Table XII). 


TABLE X 


EQUIVALENCE OF OBSERVED AND PREDICTED YIELDS OF H+ FOR 
DIFFERENT REACTION PERIODS 


(One milliliter separated spinach chloroplast suspension, 2 ml. Hill 
solution, initial pH 7.0, 10° C., 360 ft-c.) 





























H* yield, ml. 0.01 N potassium hydroxide 
Reaction time, min. 
Predicted Observed 
20 0.69 0.79 
0.67 0.79 
40 1.30 1.35 
1.44 L..@o 
60 1.74 1.87 
TABLE XI 


EQUIVALENCE OF OBSERVED AND PREDICTED YIELDS OF H+ FOR DIFFERENT 
CHLOROPLAST CONCENTRATIONS 


(One milliliter crude spinach chloroplast suspension, 2 ml. Hill solution, 
initial pH 7.0, 10°C., 360 ft-c.) 














Ht? yield, ml. 0.01 N potassium hydroxide, 
Experiment Chlorophyll, 0 - 20 min. 
No. mgm. per vessel 
Predicted Observed 
1 0.75 0.85 0.86 
0.38 0.61 0.57 
0.15 0.34 0.33 
2 0.55 0.86 0.87 
0.28 0.66 0.60 
0,11 0.39 0.32 














In agreement with the observations of Holt and French (15), considerable 
photochemical activity was shown by spinach chloroplasts in the presence of 
ferricyanide alone (Table XII). The negligible activity observed by Hill (13) 
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TABLE XII 


EQUIVALENCE OF OBSERVED AND PREDICTED YIELDS OF H+ ON OMITTING 
CERTAIN HILL SOLUTION COMPONENTS 


(One milliliter separated spinach chloroplast suspension, 2 ml. reaction 
medium, initial pH 7.0, 10°C., 360 ft-c.) 














H* yield, mi. 0.01 N potassium hydroxide, 
Medium 0 - 20 min. 
Predicted Observed 
Ferricyanide 0.33 0.37 
Ferricyanide + oxalate 0.53 0.59 
Complete Hill 0.68 0.79 








with Stellaria and Chenopodium chloroplasts in ferricyanide solution may 
have resulted from a lower natural content of oxalate, as Holt and French (15) 
have suggested. 


Summary and Conclusions 


The photodecomposition of water by chloroplasts in vivo may be separated 
from photosynthesis in intact algal cells by excluding carbon dioxide and 
providing alternative oxidants to which the cells are permeable. The employ- 
ment of chloroplasts isolated from the leaves of higher plants offers the 
important advantage that the “‘photochemical phase’’ of photosynthesis may 
then be studied in the absence of cellular metabolism. Against this advantage 
must be set certain disadvantages: the activity shown immediately after 
isolation is below that shown in intact cells; the photochemical mechanism is 
lost in a few hours, apparently by autolysis; the maceration and centrifuging 
steps also introduce additional sources of variation. Complete removal of 
the cell sap and cytoplasm from the chloroplasts is desirable. A succession 
of washing and centrifuging treatments, however, results in relatively inactive 
preparations. 


The photochemical production of oxygen with both Hill and quinone 
solutions is similarly affected by atmospheric oxygen and pH; moreover, carbon 
dioxide does not participate in the reactions with either oxidant. The initial 
rate of oxygen production by illuminated chloroplasts is higher in Hill than in 
quinone solution. The converse was observed with Aronoff’s ‘‘solution’’. 
These various differences may be the result of different diffusion rates of the 
two oxidants. The inhibiting effect of quinone on the photochemical process, 
and its reduction by thermal reactions are factors to be borne in mind in the 
interpretation of published experiments as well as in future applications. 


The close agreement of the predicted and observed photochemical yields of 
hydrogen ion in Hill solution reported in the foregoing over a wide range of 
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conditions indicates that the oxygen and hydrogen ions are both derived 
from water. These data also demonstrate that the titration and manometric 
procedures are both measures of the same photochemical reaction. 
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DARK REACTIONS OF CHLOROPLAST SUSPENSIONS! 


By K. A. CLENDENNING? AND P. R. GorHAM? 


Abstract 


Chloroplast suspensions from the majority of plant species produce titratable 
acidity in darkness when mixed with ferricyanide — ferric oxalate solution. The 
rate of production and yield of acid increases between pH 6.0 and 7.5. This 
oxidation-reduction requires the presence of ferricyanide or ferric oxalate and 
does not involve enzymes. The nonsugar reducing substances in chloroplast 
suspensions which participate are water-soluble, and may include ascorbic acid, 
glutathione, and tannins. By applying a correction for dark acid production, 
photochemical activity in chloroplast suspensions showing this reaction may be 
measured by the Holt and French titration method. Boiled leaf sap of Broad 
Windsor bean produces carbon dioxide rapidly when mixed with ferricyanide — 
ferric oxalate solution, apparently by oxidative decarboxylation. Crude 
chloroplast suspensions from this species also exhibit oxygen absorption and 
dark acid production. Simultaneous measurement of these reactions shows no 
evidence of quantitative relations. The precipitation of oxalate causes an 
alkaline drift in pH when crude chloroplast suspensions of Lycopodium or Sedum 
are mixed with Hill solution in darkness. With crude spinach chloroplast 
suspensions, interference by dark reactions in photochemical activity measure- 
ments is generally negligible. 


Introduction 


Chloroplasts isolated from the leaves of different species vary greatly in 
their photochemical activity in the presence of oxidants such as ferricyanide, 
ferric oxalate, and quinone (2, 6). The suspensions also differ with respect 
to dark reactions that accompany the photochemical process (2), particularly 
when the chloroplasts have not been separated from the cell sap and cyto- 
plasm. The present paper is concerned with four dark reactions encountered 
in the course of investigations of chloroplast photochemical activity reported 
elsewhere (1, 2). Immediate interest in these reactions rests with the degree 
of interference which they introduce in such studies. 


Materials and Methods 


New Zealand spinach, Tetragonia expansa Thunb.; Tradescantia fluminensis 
Vell.; tobacco, Nicotiana Tabacum L. vars. Connecticut Yankee and White 
Burley; Broad Windsor bean, Vicia faba L.; bean, Phaseolus vulgaris L. var. 
Improved Golden Wax; wheat, Triticum vulgare Vill. var. Coronation; and 
broccoli, Brassica oleracea L. var. Sprouting Calabrese were soil grown in 
greenhouse (1) and field plots. Clubmoss, Lycopodium complanatum L. var. 
flabelliforme Fernald, was collected in an open woods, and samples of mossy 
stonecrop, Sedum acre L., were taken from plants growing in a limestone 
quarry. Crude chloroplast suspensions as well as chloroplasts separated and 


1 Manuscript received July 28, 1949. 


Contribution from the Division of Applied Biology, National Research Laboratories, 
Ottawa, Canada. Issued as N.R.C. No. 2064. 


2 Biochemist, Plant Science Investigations. 
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washed by high speed centrifuging were prepared by methods described else- 
where (1). Measurements of the dark production of acid and alkali and of 
oxygen absorption and carbon dioxide production were made under the 
conditions of the titration and manometric methods already described (1). 


Results and Discussion 


Dark Production of Titratable Acid 


Chloroplast suspensions prepared from species other than spinach either 
with or without high speed centrifuging usually produce considerable amounts 
of acid in darkness when mixed with unbuffered Hill solution (2). Acid 
production is most rapid immediately after mixing, and either declines to an 
essentially constant rate or ceases entirely within approximately five minutes. 
The initial rate of acid production in darkness as well as the final yield is 
influenced by the pH of the reaction mixture, increasing with alkalinity 
within the range 6.0 to 7.5 (Fig. 1). The effect of pH is particularly 
pronounced above neutrality. 
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Fic. 1. Effect of the pH of the reaction mixture on the dark production of acid by a crude 
Tradescantia chloroplast suspension. (Two milliliters chloroplast suspension containing 
0.62 mgm. chlorophyll, 10 ml. Hill solution, 10° C.) 


Dark acid production is greatly reduced by extracting the chloroplasts 
successively with water (Fig. 2). The losses in photochemical activity which 
accompany a series of washing and centrifuging treatments however render 
this practice impractical as a control measure (1). 

Prolonged exposure of the chloroplast suspensions to high temperature 
causes little change in the rate of acid production in darkness at 10°C. The 
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following yields of acid were observed when 2 ml. N.Z. spinach chloroplast 
suspension or filtrate were mixed with 10 ml. Hill solution: 








Acid produced in 
10 min. at 10°C., we. 





Control suspension, unheated 
After 5 min. at 100° C., filtered 
After 15 min. at 100° C., filtered 
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Fic. 2. Effect of successive washing treatments on the production of acid in darkness by 
New Zealand spinach chloroplast suspensions. (Two milliliters chloroplast suspension con- 
taining 2.4 mgm. chlorophyll, 10 ml. Hill solution, 10° C.) 


Removal of the flocculated chloroplasts and cytoplasm by filtration did not 
reduce the reactivity of the filtrate. 


The production of acid in darkness occurs only in the presence of Hill 
solution components (Fig. 3). Greater amounts of acid are produced in the 
presence of complete Hill solution than in “incomplete” solutions of its com- 
ponents. The responses of the chemical acid-producing reaction, and of the 
photochemical Hill reaction to different Hill solution ingredients are quite 
similar; in each of these reactions, acid production is particularly rapid in the 
presence of either complete Hill solution or ferricyanide plus oxalate. (Com- 
pare with Holt and French (5, page 40).) 


Dark acid production does not occur when solutions of reducing sugars are 
mixed with unbuffered Hill solution. Titratable acidity is produced rapidly 
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in darkness, however, when neutral solutions of ascorbic acid, glutathione, or 
tannins are mixed with neutral Hill solution: 








Acid produced, ye. 





Ascorbic acid, 1 mgm. 15.9 (2 min., complete) 


Glutathione, 1 mgm. 4.4 (10 min.) 
Tannins, 2 ml. 1% tea infusion 25.8 (10 min.) 
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Fic. 3. Effect of Hill solution components on the production of acid in darkness by crude 


Tradescantia chloroplast suspensions. (Two milliliters chloroplast suspension containing 
.) 


0.67 mgm. chlorophyll, 10 ml. Hill or component solution, 10° C. 


These observations indicate that the acid is produced by an oxidation-— 


The foregoing compounds are typical cellular con- 


reduction reaction. 
Repre- 


stituents which produce acid chemically on mixing with Hill solution. 
senting this class of reducing compounds as RHe, dark acid production 


probably proceeds according to Equation 1. 


1. 4K3Fe(C.04)3 + 2RH. + 2K2C.0,4 ee 4K4Fe(C20.); 
+ 4H+ + 2C.0,— + 2R. 


- = Ligh = 
2. 4K3Fe(C.0,)3 a 2H-.O ot 2K2C,04 Waekas om 4K,4Fe(C.0,); 


+ 4H*+ + 2C,0,— + Or. 
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As here represented, the dark production of titratable acid differs from the 
photochemical Hill reaction (Equation 2) with respect to the hydrogen donor. 


Correction of Photochemical Activity Measurements for Dark Acid Production 


The following modification of the Holt and French titration method for 
measuring photochemical activity was adopted for chloroplast suspensions 
showing dark acid production: All operations were timed and the observa- 
tions recorded graphically. One or 2 ml. of chloroplast suspension was added 
to 10 ml. Hill solution at 10° C. and adjusted immediately to pH 7.0 with 
0.1 N potassium hydroxide and 0.01 N sulphuric acid. During the next 
five minutes the rate of dark acid production was measured at intervals of 
approximately 0.5 min. When it had greatly diminished, the light was turned 
on and the new rate of acid production determined for five minutes. The 
light was then turned off and dark acid production measured for several 
additional minutes. To estimate the dark correction for each successive 
minute of illumination, the rates of acid production observed immediately 
before and after exposure to light were plotted against time and joined by a 
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Fic. 4. Acid production by a crude Golden Wax bean chloroplast suspension in light and 
darkness. (Two milliliters chloroplast suspension containing 0.70 mgm. chlorophyll, 10 ml. 
Hill solution, 10° C.) 


straight line. Dark corrections for each minute of illumination were read 
from this line (Fig. 4). The corrected photochemical yields of acid were 
then expressed as photochemical quotients: 
corrected alkali cali 
o". = ‘Necro Dien! x oe X 22.4 X 10° 
we mgm. chlorophyll x 4 





By postponing the illumination period of the titration measurement until 
the low and steady rate of dark acid production is attained, the photochemical 
production of acid may then be satisfactorily estimated without making a 
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separate determination of the dark correction. The accuracy of dark correc- 
tions calculated in this way was established by comparing the actual rate of 
alkali consumption by reaction mixtures maintained continuously in darkness 
with the calculated rate for the period of illumination (Table I). When the 
TABLE I 
ESTIMATED AND OBSERVED DARK CORRECTIONS AND CORRECTED PHOTOCHEMICAL ACTIVITY 
QUOTIENTS FOR CRUDE BROCCOLI CHLOROPLAST SUSPENSIONS, 


4 MGM. CHLOROPHYLL PER VESSEL 


(Data expressed as apparent activity quotients (Qs*.)) 














Dark correction Corrected photochemical activity 
Initial dark 
measurement Employing Employing 
time, min. Estimated Observed estimated observed 
correction correction 
1.5 170 90 540 620 
6.0 60 50 590 600 




















initial measurement of dark acid production was continued for only 1.5 min. 
before the suspensions were illuminated, the estimated dark correction was 
erroneously high. On extending the initial measurement of alkali consumption 
in darkness to six minutes, the calculated and observed dark corrections for 
the five minute illumination period then showed much closer agreement. 


Carbon Dioxide Production 


Crude Windsor bean chloroplast suspensions show very low photochemical 
activity (2) but possess the unique ability of producing carbon dioxide from — 
Hill solution in darkness even after previous exposure to 100°C. In the 
presence of potassium hydroxide, oxygen absorption is evident. In the 
absence of potassium hydroxide, carbon dioxide is evolved in either nitrogen 
or air atmospheres. The following yields of carbon dioxide (in cu. mm.) 
were observed in 10 min. at 10°C. from mixtures of 1 ml. chloroplast sus- 
pension or filtrate, 1 ml. M sorbitol borate and 10 ml. Hill solution: 


Unheated 70.4 
Heated (five minutes at 100° C.) 64.0 
Heated and filtered 58.9 


Carbon dioxide production is reduced only slightly by prior exposure of the 
crude chloroplast suspension to high temperature and removal of the floc- 
culated chloroplasts and cytoplasm by filtration. The ability of the heated 
filtrate to produce carbon dioxide on mixing with Hill solution does not 
decrease when the filtrate is stored for several days at 0° C. Carbon dioxide 
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production has not been observed in the absence of Hill solution, but is 
markedly enhanced on omitting the sorbitol borate buffer. 


The production of carbon dioxide by heated extracts of Windsor bean leaves 
proceeds most rapidly with ferricyanide plus oxalate or complete Hill solution 
(Fig. 5). By comparison, the carbon dioxide yields with ferricyanide alone, 
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Fic. 5. Effect of Hill solution components on (A) the production of carbon dioxide by 
heated, filtered leaf sap, and (B) oxygen absorption by a crude chloroplast suspension of 
Windsor bean. 


A. One-half milliliter heated and filtered leaf sap, 2 ml. Hill or component 
solution, nitrogen atmosphere, 10° C. 


B. One-half milliliter unheated chloroplast suspension, 2 ml. Hill or component 
solution, air atmosphere with potassium hydroxide, 10° C. 


oxalate alone, and ferric ammonium sulphate plus oxalate are very low. No 
gas production occurs when either water or 2% acetic acid are substituted for 
Hill solution. 


Carbon dioxide production by this leaf extract in the presence of 0.5 M 
oxalate is greatly stimulated by ferricyanide at concentrations between 0 to 
0.01 M (Fig. 6). Dark acid production, as indicated by the final acidities 
of the unbuffered reaction mixtures, is also promoted by ferricyanide over the 
same range of concentrations. Carbon dioxide production by Windsor bean 
extract is not stimulated further by ferricyanide in the range 0.01 to 0.05 M, 
which includes the concentration provided by Hill solution. 


Identification of the cell sap constituent which is necessary for this dark 
reaction to proceed has not as yet been attempted. Although the foregoing 
observations suggest that the reaction is an oxidative decarboxylation, further 
study will be required to establish its nature with certainty. 
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Fic. 6. Effect of ferricyanide concentration in the presence of oxalate on yield of carbon 
dioxide and acid production in 40 min. by heated, filtered leaf sap of Windsor bean. ( One-half 
milliliter leaf sap, 2.0 ml. 0.5 M oxalate solution containing ferricyanide, initial pH 7.0, 
nitrogen atmosphere, 10° C.) 


Oxygen Absorption 


An appreciable absorption of oxygen usually occurs when crude cell-free 
chloroplast suspensions are agitated for 20 min. or more in an atmosphere of 
air in darkness. Among 20 species examined, 18 showed this property to 
the extent of more than 5 cu. mm. absorption in 20 min. Oxygen absorption 
also was observed with N.Z. spinach chloroplasts separated from the cell sap by 
high speed centrifuging. The following oxygen absorption values (cu. mm.) 
were observed when mixtures of 0.5 ml. chloroplast suspension and 2 ml. Hill 
solution were shaken for 20 min. 











In air In nitrogen 
Golden wax bean —34 + 2.5 
Tobacco —26 0 
Wheat — 8.7 +0.9 











Negligible pressure changes were observed for the same preparations in an 
atmosphere of nitrogen. Suspensions prepared from bean, tobacco, and 
Tradescantia leaves showed high rates of oxygen absorption consistently. 
N.Z. spinach and wheat preparations were quite variable in this respect. 
Oxygen absorption by N.Z. spinach suspensions usually proceeds much 
faster in water than in Hill solution (Table II). Heating the chloroplast 











110 CANADIAN JOURNAL OF RESEARCH. VOL. 28, SEC. C. 


TABLE II 


DARK OXYGEN ABSORPTION (CU. MM.) BY HEATED AND UNHEATED CRUDE CHLOROPLAST 
SUSPENSIONS OF NEW ZEALAND SPINACH IN HILL SOLUTION AND WATER 


(One milliliter chloroplast suspension and 11 ml. water or 1 ml. M sorbitol 
borate plus 10 ml. Hill solution per vessel, 10° C.) 














Reaction time, minutes 
Treatment 
5 10 20 
Unheated Hill solution 28 35 37.5 
Water 35 47.5 58 
Heated five minutes Hill solution 18 23 25 
100° C. Water 19 24 28 














suspension causes a pronounced decrease in the oxygen absorption shown in 
water, whereas that shown in Hill solution decreases much less or not at all. 
Oxygen absorption by Windsor bean chloroplast suspensions was completely 
abolished by exposure for five minutes to 100°C. The variability in response 
to high temperature suggests that different reactions are responsible for the 
oxygen uptake shown by chloroplast suspensions prepared from different 
species. Oxygen uptake by heat-stable substances is attributed to auto- 
oxidation, while uptake involving heat-sensitive substances indicates the 
participation of enzymes or unstable auto-oxidizable compounds. 


Oxygen absorption by unheated Windsor bean chloroplast suspensions 
proceeds more rapidly in water or ferric ammonium sulphate plus oxalate 
than in complete Hill or ferricyanide plus oxalate solution (Fig. 5). The 
responses of this process to Hill solution components thus are in the reverse 
order of those shown by the carbon dioxide producing reaction. Since carbon 
dioxide production could not be excluded in these studies of oxygen absorption 
by Windsor bean chloroplast suspensions, the accuracy of the oxygen values 
is dependent on the rapidity and completeness of carbon dioxide absorption 
on the potassium hydroxide papers. 

When chloroplasts showing oxygen absorption are employed in photo- 
chemical studies, an atmosphere of air should be employed on both the 
illuminated and darkened reaction mixtures. The absorption of oxygen 
which occurs in darkness may then be applied as a correction to the observed 
photochemical yields. Dark control measurements in an atmosphere of 
nitrogen obviously would provide no indication of the oxygen absorbing 
capacity of the chloroplast suspensions in light. 


Dark Reaction Relations 


The 20-min. yields of acid and carbon dioxide in the presence of different 
components of Hill solution are shown in Table III. Expressed as equivalents, 
the yields of acid greatly exceed the yields of carbon dioxide, and there is no 
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TABLE III 


THE YIELDS OF ACID AND CARBON DIOXIDE PRODUCED IN DARKNESS BY 0.5 ML. HEATED, 
FILTERED LEAF SAP OF BROAD WINDSOR BEAN IN THE PRESENCE 
OF 2 ML, HILL SOLUTION COMPONENTS 


(Initial pH 7.0, reaction time 20 min.) 











Acid, Carbon dioxide,* 
Substrate me. X 1073 m.e. X 10-3 

Hill solution 50.6 7.8 
Ferricyanide 45.6 ee 
Ferricyanide + oxalate 45.5 8.9 
Ferric ammonium sulphate + oxalate 19.4 1.4 
Sucrose 0.2 —0.1 
Ferric ammonium sulphate (Slightly alkaline) — 

Oxalate (1.2 alkali) 0.8 











* Assuming one-half mole carbon dioxide equals one equivalent. 


evidence of a constant relation between them. The chief points of similarity 
are the negligible yields obtained on sucrose and oxalate solutions, and the 
sensitivity of the two reactions to ferricyanide concentration (Fig. 6). 

No relation between acid production and oxygen absorption was indicated 
by measurements made with the same crude chloroplast suspensions of N.Z. 
spinach and Tradescantia (Table IV). The amounts of acid produced or 
oxygen absorbed by these preparations were not reduced by heating the 
chloroplast suspensions at 100° C. for five minutes. 


TABLE IV 


DARK ACID PRODUCTION AND OXYGEN ABSORPTION BY 2 ML. OF HEATED AND UNHEATED 
CHLOROPLAST SUSPENSIONS MIXED WITH 10 ML. OF HILL SOLUTION 








Tradescantia N.Z. spinach 





Change in first 20 min. 1 2 1 2 





Unheated|Unheated| Heated |Unheated|Unheated| Heated 





H+, expressed as cu. mm. 
hydrogen 58.2 70.5 96.3 31.4 30.2 32.5 


Oxygen, cu. mm, —38.0 —28.4 —27.1 —27.6 —25.4 —37.5 

















Windsor bean chloroplast suspensions exhibit dark reactions in which the 
production of titratable acidity, the absorption of oxygen, and the evolution 
of carbon dioxide are all involved. Possible relations of these reactions were 
accordingly explored by their simultaneous measurement, using aliquots of 
the same chloroplast suspension. The time courses of acid production, 
oxygen absorption, and carbon dioxide evolution were quite dissimilar (Fig. 7), 
which indicates that the reactions concerned are independent. 
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Fic. 7. Simultaneous dark reactions shown by 0.5 ml. crude Windsor bean chloroplast 
suspension in the presence of 2 ml. Hill solution, 10° C. 


A. Acid production. 


B. Carbon dioxide production. (One-half milliliter M sorbitol borate, nitrogen 
atmosphere. ) 


C. Oxygen absorption. (Air atmosphere with potassium hydroxide. ) 


Alkaline Drift 


When crude chloroplast suspensions prepared from Lycopodium and Sedum 
are adjusted to a stable pH of 7.0 and then mixed with neutral Hill solution, 
the pH rises. Alkali production decreases rapidly with time, and a constant 
pH value is attained in approximately 10 min. Lycopodium chloroplast 
suspensions which had been held for 15 min. at 100° C. produced approxi- 
mately 60% as much alkali in the presence of Hill solution at 10° C. as was 
observed before heating. 

Holden (3, 4) has recently reported that washed leaf fiber of members of 
the Cucurbitaceae produces an alkaline reaction by the gradual solution of 
phosphates and carbonates. On extracting Lycopodium leaf fiber successively 
with water in a similar manner, no alkali production was observed; washed 
fiber—distilled water suspensions also showed negligible changes in pH on 
standing for two hours. Thus, the production of alkali observed in the 
present studies is restricted to the cell contents, and is therefore to be dis- 
tinguished from the process which Holden has described. 

The effects of different components of Hill solution on the alkali producing 
mechanism of Lycopodium chloroplast suspensions are shown in Fig. 8. A 
much greater increase in pH occurred on mixing the crude chloroplasts with 
potassium oxalate or ferricyanide plus oxalate, than with complete Hill 
solution. Precipitation of oxalate also occurred on mixing with the Lyco- 
podium suspensions. The potassium oxalate of Hill solution is apparently 
the only salt which participates in this reaction. An increase in pH was not 
observed in its absence, and no combination of Hill solution components 
resulted in as high pH values as were developed in the presence of potassium 
oxalate by itself. 
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“Alkaline drift” as shown in Fig. 8 is therefore attributed to the precipitation 
of calcium oxalate and accompanying liberation of potassium ions. 
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Fic. 8. Effect of Hill solution components on the dark production of alkali by crude 
Lycopodium chloroplast suspensions. (Two milliliters chloroplast suspension containing 
0.10 mgm. chlorophyll, 10 ml. Hill or component solution. ) 


Conclusions 


Heat-stable ingredients of the cell sap and cytoplasm are mainly responsible 
for the dark reactions described in this paper. Their quantitative removal 
by a succession of washing and centrifuging treatments is scarcely feasible 
because of accompanying losses in photochemical activity. Since methods 
which usually are employed in preparing photochemically active chloroplasts 
do not effect a complete removal of the cell sap and cytoplasm, inherent 
freedom from interfering dark reactions is highly desirable. In general, 
spinach chloroplasts in the presence or absence of cell sap and cytoplasm show 
very low dark activity in any of the categories described. This characteristic 
as well as their high photochemical activity in the isolated condition make 
them particularly suitable for photochemical investigations. 
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PHOTOCHEMICAL ACTIVITY OF ISOLATED CHLOROPLASTS IN 
RELATION TO THEIR SOURCE AND PREVIOUS HISTORY? 


By K. A. CLENDENNING? AND P. R. GorHAM? 


Abstract 


A survey of the major subdivisions of the plant kingdom revealed photo- 
chemical activity in chloroplasts and chloroplast fragments isolated from uni- 
cellular and filamentous green algae, liverworts, horsetails, herbaceous mono- 
cotyledons, and dicotyledons. Active chloroplasts were not obtained from 
mosses, ferns, gymnosperms, and woody angiosperms. Among 80 species and 
varieties tested in Hill solution by the titration method, 45 showed photochemical 
activity quotients above 100, 19 had quotients above 500, and six (millet, flax, 
spinach, lamb’s-quarters, Swiss chard, and lettuce) showed quotients above 1000. 
Photochemical activity varied greatly within both genera and species. The 
majority of the chloroplast suspensions produced acid in darkness when mixed 
with ferricyanide — ferric oxalate solution. Natural inhibitors of photochemical 
activity were found in the cell sap and cytoplasm of several species. 

Chloroplast activity quotients in ferricyanide — ferric oxalate and quinone 
solutions increased with leaf maturation, and declined with senescence. Chloro- 
plasts isolated from very young green leaves of active species were photochemi- 
cally inactive. The activity of the chloroplasts was relatively insensitive to the 
supply of essential mineral nutrients and water as well as to growth temperature. 
Chloroplasts isolated from leaves showing pronounced symptoms of nitrogen, 
iron, copper, manganese, or magnesium deficiency had low activity quotients, 
but remained photochemically active until the leaves were about to die. The 
observed responses to previous illumination and darkness did not support the 
hypothesis that a labile photosynthetic intermediate, stored in the chloroplasts, is 
required for oxygen production after isolation. 

Chloroplast activity was stabilized for weeks by snap-freezing suspensions con- 
taining 0.5 M sucrose and storing at or below —40°C. Lyophilization did not 
prevent storage deterioration at higher temperatures. 


Introduction 


Photosynthesis in leaves and algae is known to be influenced by genetic 
(29, 30), ontogenetic (2, 3, 21, 25, 29, 31), and cultural factors (4, 5, 23, 24, 30). 
Corresponding effects of source and previous history on the “Hill reactions” 
of isolated chloroplasts are therefore to be expected, in so far as these factors 
influence the ‘photochemical phase” of photosynthesis. The isolated mech- 
anism is less highly organized than photosynthesis, and in this respect offers 
fewer opportunities for source and previous history factors to operate. How- 
ever, chloroplasts in the isolated condition introduce additional possibilities, 
such as responses to natural narcotics to which the chloroplasts might not 
be exposed in situ, the process of deterioration after isolation, and differences 
in sensitivity to and reactivity with artificial oxidants. 


With the exception of a study reported by Kumm and French (22), effects 
of source and previous history on the activity of isolated chloroplasts have 
received little attention. There have been several indications, however, that 


1 Manuscript received September 29, 1949. 


Contribution from the Division of Applied Biology, National Research Laboratories, Ottawa, 
Canada. Issued as N.R.C. No. 2069. 


2 Biochemist, Plant Science Investigations. 
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activity im vitro is strongly influenced by the conditions to which the chloro- 
plasts have been exposed before isolation. To reduce these influences to a 
minimum, Hill and Scarisbrick (15) and French and his collaborators (13, 22) 
subjected the leaf samples to uniform preconditioning treatments before 
extracting the chloroplasts. Hill and Scarisbrick (15) reported marked 
diurnal changes in Stellaria chloroplast activity which reached a maximum at 
10 a.m. and declined almost to zero in late afternoon. The increase in activity 
which was observed in the forenoon indicates a possible stimulation of the 
in vitro reaction by preillumination. The decrease observed in the afternoon 
suggests possible effects of solarization or of assimilation products. Hill and 
Scarisbrick also referred to strain differences with respect to the retention of 
photochemical activity by isolated chloroplasts at low temperature. Kumm 
and French (22) did not observe significant changes in activity with the time 
of picking during the daylight hours. They observed that the activity of 
Tradescantia chloroplasts was greatly reduced by maintaining the leaf samples 
in darkness for several hours prior to maceration, and that chloroplast activity 
was restored by leaf preillumination to an extent which varied with the time 
and intensity of the light exposure treatment. The latter observations led 
them to suggest that a labile photosynthetic intermediate, stored in the chloro- 
plasts, may participate in the Hill reaction. In addition, they observed that 
chloroplasts prepared from many spécies are photochemically inactive, and 
that chloroplast suspensions prepared at different times from a single ‘‘active”’ 
species may differ greatly in activity. 

This communication reports an investigation of the influences of source 
and previous history on the photochemical activity of isolated chloroplasts 
in ferricyanide — ferric oxalate and p-benzoquinone solutions. The survey of 
species included more than 50 angiosperms, which were mainly herbaceous 
annuals of possible utility as chloroplast sources. Representatives of the 
lower taxonomic subdivisions were tested in order to assess the incidence 
and magnitude of isolated chloroplast activity in the plant kingdom as a 
whole. The examined aspects of the chloroplasts’ previous history were age 
of leaf, mineral nutrition, leaf turgor, growth temperature, diurnal and seasonal 
changes, previous illumination, and storage after isolation. 


Materials and Methods 
SPECIES SURVEY 


Forty-three species or varieties were grown in soil compost in the greenhouse 
or in outdoor beds. Chlorella vulgaris, Pratt strain, and C. pyrenoidosa, 
Emerson strain,* were grown on the medium used by Emerson and Lewis (8) 
at 21° C. with continuous light of 800 ft-c. intensity and 5% carbon dioxide — 
air bubbling through the cultures. Lemna minor was grown in pure culture 
at 20° C. under continuous light of 300 ft-c. on modified Hoagland’s nutrient 


* The two strains of Chlorella were kindly furnished by Prof. Robert Emerson, Photosynthesis 
project, Department of Botany, University of Illinois. 
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(14). This solution was made up in glass-distilled water with and without 
2.5% sucrose, and contained twice the usual amount of manganese (3.62 
mgm. manganous chloride tetrahydrate per liter), Plants of Black Pencil 
Pod bean were grown by subirrigation with Hoagland’s nutrient. Leaves of 
the remaining 33 species were collected in the field and brought to the labor- 
atory in ice baths. 

The detached leaves were spread on crushed ice and usually were illuminated 
with light of 3200 ft-c. until the chloroplast suspensions were prepared. The 
chloroplast suspensions were tested less than an hour after macerating the 
blotted leaves, and within three hours from the time that the leaves were 
detached. The chloroplasts were stored in crushed ice suspension at 1° to 2° C. 
until the activity measurement was begun. Photochemical activity of both 
inactive and active species was not increased by separating the chloroplasts 
from the cell sap by high speed centrifugation. The species survey was 
eccordingly conducted on ‘crude’ chloroplast suspensions prepared by 
grinding the leaves rapidly with sand in a chilled mortar (6). Cell-free 
Chlorella suspensions were prepared by grinding chilled, washed cells in a tissue 
homogenizer (27, p. 92) for five minutes, centrifuging at 1250 g. for 40 sec., 
and discarding the residue. Other methods of preparing suspensions with 
adequate chlorophyll concentrations proved less effective when tried on 1 to 
2 cc. of packed cells diluted with 3 ml. of water: 














Method | Time, min. | Chlorophyll, mgm. per ml. 
| 
Supersonic disintegrator (600 kc., 2.5 kv.) 5 - 15 0 
Mortar with sand or 80 to 100 mesh ground 
glass 3-5 0.05 — 0.12 
Tissue homogenizer 5 0.12 - 0.19 





The titration method (6, 17) was selected for the species survey because of 
its rapidity and convenience. Activity measurements on different species 
that were based on oxygen production in both ferricyanide — ferric oxalate 
and quinone solutions at 360 ft-c. were in general agreement with those 
observed with the titration method at 3200 ft-c. The acid production 
observed in light was corrected for accompanying dark acid production (7). 
Dark hydrogen ion quotients were calculated in the same manner as the 
corrected photochemical quotients for purposes of comparison. The methods 
employed in determining chlorophyll content and in calculating activity 
quotients have previously been described (6). 


Previous-History STUDIES 
Age of Leaf 
The effects of leaf age were investigated in New Zealand spinach and wheat. 
N.Z. spinach leaf samples (15 gm.) representing three ages and sizes were 
picked simultaneously from the same population in the morning, when the 
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light intensity was 7500 ft-c. The youngest and smallest leaves were taken 
from the uppermost positions on the plants. The oldest and largest leaves 
showing no evidence of senescence were picked from basal positions. Inter- 
mediate leaf samples were picked from positions on the plant which were 
approximately midway between those of the young and mature leaf samples. 
The area of representative leaves was measured from tracings with a plani- 
meter. 


Wheat leaves representing different ages and positions on the plant were 
picked simultaneously from plants three weeks after sowing. The first leaf 
was also examined at weekly intervals to determine ontogenetic effects for a 
single position on the plant. Eight-gram samples were collected at 10 a.m. 
following an hour and a half in full sunlight, which varied in intensity from 
3000 to 7500 ft-c. (Table VI). On the final sampling date, samples were also 
taken from the second, third, and very young fourth leaves as well as from 
the first, which by this time had begun to yellow. The lengths of 20 leaves 
were measured at each sampling. 


The effects of leaf age were determined on crude chloroplast suspensions 
as well as on chloroplasts which had been separated from the cell sap and 
cytoplasm by high speed centrifugation. Activity measurements were con- 
ducted simultaneously in all of these experiments with both ferricyanide - 
ferric oxalate and quinone solutions. 


Mineral Nutrition 


The effects of mineral deficiencies in plants on the photochemical activity 
of chloroplasts isolated from them were investigated in two experiments by 
growing spinach in modified Hoagland’s nutrient solution (14), from which 
both major and minor elements were withheld one at a time. The effect of 
a general deficiency in wheat was also investigated. The plants were grown 
in a greenhouse section equipped with shades of factory cotton arranged to 
shield them from direct sunlight. The titration method with crude chloro 
plast suspensions was used throughout for measuring photochemical activity. 


To provide spinach plants deficient in nitrogen, potassium, phosphorus, 
or calcium, seedlings were propagated in soil, and when they were four weeks 
old, were transplanted to glazed crocks of one-gallon capacity containing 
acid-washed quartz sand. There were 12 crocks with a total of 36 plants per 
treatment, including controls on complete mineral nutrient solution as well 
as on soil. The plants were subirrigated with nutrient solution for 15 min. 
at six-hour intervals. The populations from which calcium and nitrogen 
were subsequently withheld received full nutrient for the first 25 days in sand 
culture to allow the plants to attain a fair size. After 68 days, when certain 
of the deficiency symptoms were quite pronounced, samples of 7.5 gm., com- 
prising the newer growth, were taken at 9.30 a.m. after one hour’s exposure 
to light of 1000 ft-c. The control sample was tested at once, and the detached 








118 CANADIAN JOURNAL OF RESEARCH. VOL. 28, SEC. C. 


leaves from the deficiency populations were floated in pans of water at 5° C. 
and illuminated with water-filtered light of 1200 to 1800 ft-c. during holding 
periods of 30 to 150 min. 


To provide spinach plants deficient in magnesium, sulphur, iron, boron, 
zinc, Manganese, or copper, seedlings were propagated in acid-washed 
quartz sand. After 11 days, they were transplanted to paper-wrapped one- 
liter Pyrex beakers containing nutrient solutions prepared with de-ionized 
water from salts that were purified and tested according to the method of 
Stout and Arnon (26). The beakers were fitted with paraffined Masonite 
covers having five holes in which the plants were supported. There were 
four beakers or 20 plants per treatment. Nutrient solutions were changed 
weekly. Magnesium, sulphur, and iron were supplied to the respective 
deficiency cultures during the first three weeks to permit some growth. After 
60 days, when characteristic deficiency symptoms had appeared in most of the 
populations, samples of mature leaves were taken following 24 hr. illumination 
at 1000 ft-c. 


Wheat seeds were germinated in acid-washed sand moistened with distilled 
water. When the first leaf emerged from the coleoptile, half the plants were 
watered with Hoagland’s nutrient while the remainder continued to receive 
distilled water. The primary leaves of the deficient and control plants were 
sampled after 18 days when the deficient leaves were visibly chlorotic. 


Water Supply 

The effects of withholding water until the leaves were wilted was investi- 
gated in wheat and spinach populations. Two flats of wheat, 19 days old, 
were thoroughly watered at 5 p.m. Twelve hours later, illumination at an 
intensity of 1000 ft-c. was begun and continued until 5 p.m. One flat was 
watered lightly at 9.15 a.m. and again at 1.15 p.m. The other flat was allowed 
to dry out. Ten-gram samples, consisting only of second leaves, were taken 
at random from each flat at 9 a.m., 1 p.m., and 4 p.m. _ In the flat permitted 
to dry, by 1 p.m. the leaves were at the stage of incipient wilting, and at 
4 p.m. were decidedly wilted. The watered flat was kept constantly dampened, 
and both flats were illuminated daily from 5 a.m. to 5 p.m. for a total of eight 
days, when the final samples were taken. By this time, the leaves were 
almost crisp in the unwatered flat. Throughout the experiment the green- 
house temperature was about 25° C. and the relative humidity was moderately 
low so that drying was quite rapid. 


A similar experiment was performed with two flats of spinach plants seven 
weeks old. The samples comprised the third, fourth, fifth, and sixth leaves, 
counting from the top of the plants, picked at random from each flat. The 
illumination and watering procedure was the same as before, but the final 
samples were taken after a total of 28 hr., when the stage of incipient wilting 
was reached. The measurements of chloroplast activity in both experiments 
were made on crude chloroplast suspensions in Hill and quinone solutions. 
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Previous Illumination 


The effects of previous illumination were determined under conditions which 
were generally similar to those employed by Kumm and French (22). A 
battery of high-powered lamps and a water filter were assembled for the arti- 
ficial illumination of detached leaves and whole plants. Intensities of 3000 
ft-c. or higher were obtained with four 1000-w. Mazda lamps of the silvered- 
neck reflector type. The water filter, used to absorb infrared radiation, con- 
sisted of a frame, 28 X 28 X 4 in., with a plate glass bottom, supported on a 
stand with legs 8 in. high. A constant-level overflow permitted rapid circula- 
tion of cold water in the filter. A current of air blowing over the water helped 
to dissipate heat from the lamps suspended overhead. Detached leaves were 
illuminated in pans on a wire rack beneath the filter. Entire plants were 
also illuminated in the soil flats in which they were grown. Darkening of 
bench populations of N.Z. spinach was accomplished by means of two layers 
of heavy black cloth supported on a frame above the plants. Tradescantia 
cuttings and flats of spinach plants were removed to a photographic dark 
room for the same purpose. The activity measurements were made simul- 
taneously in Hill and quinone solutions on crude and separated chloroplasts. 


Light intensities in the greenhouse were measured with a Norwood Director 
photographic exposure meter with integrating sphere. Light intensities of 
the artificial illumination treatments were measured with a Weston illumino- 
meter. Leaf temperatures were measured with a fine copper-constantan 
thermocouple inserted in the leaf midrib. The methods employed in preparing 
the chloroplast suspensions, in determining their chlorophyll contents, and in 
measuring photochemical activity have been previously described (6). The 
reproducibility of the photochemical activity measurements on aliquots of a 
single chloroplast suspension as well as on different suspensions prepared 
simultaneously from the same plant population have also been reported (6). 
The chlorophyll concentration data provided hereafter as milligrams per 
milliliter indicate the chlorophyll content used per vessel with the titration 
and manometric quinone methods. Half of this amount (0.5 ml.) was used 
in the manometric Hill method. 


Results and Discussion 
SPECIES SURVEY 


The activity quotients for 80 species and varieties, some of which were 
tested more than once, are compiled in Table I. Species are arranged by 
groups according to botanical or ecological relations. Minimum and maxi- 
mum quotients are also presented for the six species which were used repeatedly 
in the previous-history experiments. The distribution of chloroplast prepara- 
tions of different activity levels among the large taxonomic groups is sum- 
marized in Table II, and will be discussed later. 
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PHOTOCHEMICAL ACTIVITY OF CRUDE CHLOROPLASTS FROM A VARIETY OF PLANT SPECIES 














Chlorophyll oS. 
Species Common name _ . 
vessel, Light, 
Dark 
mgm. corrected 
Algae 
Chlorella vulgaris Beyerinck Chlorella, Pratt strain (8-day) 0.38 0 210 
Chlorella pyrenoidosa Chick Chlorella, Emerson strain (8- 0.24 0 490 
day) 
Green alga; principally large 0.22 430 390 
coenocyte 
Green alga; principally Spiro- 0.91 0 110 
gyra-like filaments 
Mosses and liverworts 
Calliergon Schreberi Willd. Moss 0.14 300 0 
Conocephalum conicum (L.) Dum.}| Liverwort 0.19 180 200 
Polytrichum sp. Moss 0.13 330 0 
Ferns and fern allies 
Equisetum arvense L. Common horsetail 0.83 0 240 
Equisetum scirpoides Horsetail 1.60 100 700 
Michx. Horsetail 0.35 50 330 
Lycopodium complanatum L. var. | Clubmoss 0.11 alk. 0 
flabelliforme Fernald 
Nephrolepis exaltata Schott var. Boston fern 0.51 1070 0 
bostoniensis 
Pteris tremula R. Br. Fern 0.45 250 0 
Gymnosperms 
Ginkgo biloba L. Ginkgo _- — 0 
Picea Abies (L.) Karst. Spruce 0.08 5100 0 
Pinus Strobus L. White pine 0.11 3700 0 
Thuja occidentalis L. Arbor Vitae 0.11 3700 0 
Woody angiosperms 
Acer platanoides L. Norway maple — -= 0 
Populus deltoides Marsh. Cottonwood 1.10 740 0 
Quercus macrocarpa Michx. Bur oak — = 0 
Robinia Pseudoacacia L. Black locust 0.34 630 60 
Aquatics 
Elodea canadensis Michx. Water-weed 0.45 130 0 
Lemna minor L. Duckweed (Nutrient solution) 0.56 186 430 
Duckweed (Nutrient solution 0.74 110 370 
plus 2.5% sucrose) 
Wolfia punctata Griseb. Duckweed 0.24 370 680 
Myriophyllum sp. Water miltfoil 0.32 580 0 
Nymphaea advena Ait. Yellow water lily 0.27 1310 0 
Sagittaria sp. Arrowhead 1.17 190 0 
Cereals 
Avena sativa L. Oats, var. Ajax 1.40 0 660 
Hordeum vulgare L. Barley 0.92 40 0 
Barley, var. O.A.C, 21 1.50 0 540 
Panicum miliaceum L. Millet, var. Crown 0.53 0 610 (min.) 
Millet, var. Crown 0.71 0 2300 (max.) 
































CLENDENNING AND GORHAM: PHOTOCHEMICAL ACTIVITY OF CHLOROPLASTS 121 
TABLE I—Continued 
PHOTOCHEMICAL ACTIVITY OF CRUDE CHLOROPLASTS FROM A VARIETY OF PLANT SPECIES— 
Continued 
Chlorophyll Oe 
‘ per 
Species Common name vessel, Light, 
Dark 
mgm. corrected 
Cereals—Cont'd. 
Secale cereale L. Rye 1.60 0 890 
Triticum vulgare Vill. Wheat. var. Coronation 1,24 80 130 (min.) 
Wheat, var. Coronation 1.14 50 760 (max.) 
Zea Mays L. Maize, strain segregating for 0.33 350 0 
white seedlings 
Maize, strain segregating for 1.15 120 0 
white seedlings 
Corn, var. Early Mayflower 1.16 0 270 
Corn, var. Golden Bantam 1.06 0 190 
Corn, var. Golden Cross Ban- 0.68 100 220 
tam 
Fagopyrum esculentum Moench. Buckwheat 0.38 0 360 
Linum usitatissimum L, Flax, var Red Wing 0.51 0 2470 
Flax, var. Red Wing 0.30 0 1860 
Spiderworts 
Tradescantia bracteata Small Spiderwort 0.62 80 640 
Tradescantia fluminensis Vell. Wandering Jew 0.30 420 150 (min.) 
Wandering Jew 0.41 440 470 (max.) 
Tradescantia virginiana L. Spiderwort 0.99 130 120 
Chenopods 
Beta vulgaris L. Beet, var. Detroit Dark Red 0.89 100 0 
Swiss chard, var. Giant Lucul- 0.64 130 1490 
lus 
Chenopodium album L. Lamb's quarters 0.40 460 1850 
Lamb's quarters 1.06 50 1300 
Spinacia oleracea L. Spinach, var. Long Standing 1.10 0 720 (min.) 
Bloomsdale 
Spinach, var. Long Standing 0.56 0 1940 (max.) 
Bloomsdale 
Tetragonia expansa Thunb New Zealand spinach 1.02 40 220 (min.) 
New Zealand spinach 0.61 0 950 (max.) 
Crucifers 
Brassica oleracea L. Brussels sprouts, var. Danish 0.70 80 540 
Market 
Broccoli, var. Sprouting Cala- 0.94 60 585 
brese 
Cabbage, var. Jersey Wake- 0.70 70 590 
field 
Legumes 
Lathyrus odoratus L. Sweet pea, var. Spencer mixed 1.54 50 170 
Phaseolus vulgaris L. Bean, var. Kentucky Wonder 0.48 430 370 
Bean, var. Kentucky Wonder 1.29 0 0 
Bean, var. Black Pencil Pod 0.27 290 0 
Bean, var. Plack Pencil Pod 1.11 70 0 
Bean, var. Black Pencil Pod 0.67 150 340 
(nutrient solution) 
Vicia Faba L. Broad Windsor bean 0.53 1280 350 
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TABLE I—Concluded 


PHOTOCHEMICAL ACTIVITY OF CRUDE CHLOROPLASTS FROM A VARIETY OF PLANT SPECIES— 














Concluded 
Chlorophyll Olle 
Species Common name ies a 
vessel, Light, 
Dark 
mgm. corrected 
Nightshades 
Capsicum annuum L. Pepper, var. California Won- 0.64 90 60 
der 
Lycopersicon esculentum Mill. Tomato, var. Grand Rapids 0.46 200 0 
Tomato, var. Earliest and 1.60 70 300 
Best 
Nicotiana alata Link and Otto. | White nicotiana 1.01 130 100 
var. grandiflora Comes 
Nicotiana Tabacum L. Tobacco, var. Connecticut 0.80 270 190 
Yankee 
Cucurbits 
Cucumis Melo L. Muskmelon, var. Nutmeg 0.61 150 620 
Cucumis sativus L. Cucumber, var. Straight Eight 0.58 240 0 
Cucumber, var. Improved 0.78 0 470 
Long Green 
Cucurbita maxima Duchesne Squash 1.89 130 175 
Cucurbita Pepo L. Squash, var. Table Queen 0.75 260 90 
Composites 
Dahlia hybrid Dwarf dahlia 0.62 1070 0 
Lactuca sativa L. Lettuce, var. Grand Rapids 0.38 80 1010 
Sonchus oleraceus L. Sow thistle 0.67 270 0 
Tagetes patula L. French marigold, var. Yellow 0.99 180 430 
Supreme 
Other angiosperms 
Amaryllis Belladonna L. Amaryllis 0.60 230 120 
Crassula arborescens Willd. Chinese rubber plant 0.25 1680 0 
Fuchsia sp. Fuchsia 0.52 1140 0 
Geranium sp. Variegated geranium 0.40 200 0 
Geranium 0.32 2200 0 
Hibiscus sp. Hibiscus, var. Bahaman 0.51 110 90 
Yellow 
Impatiens Balsamina L. Balsam 0.70 100 50 
Impatiens biflora Walt. Touch-me-not 2.11 100 0 
Papaver Rhoeas L. Shirley poppy 0.70 100 420 
Petroselinum hortense Hoffm. Parsley 0.68 0 130 
Philadelphus coronarius L. var. | Mock-orange (green leaves) 1.06 260 0 
aureus Rehd. Mock-orange (golden leaves) 0.22 1400 0 
Sedum acre L. Mossy stonecrop 0.11 Alk. 0 
Stellaria media (L.) Cyrill. Chickweed 0.85 60 120 (min.) 
Chickweed 0.72 0 540 (max.) 

















Photochemical activity was readily demonstrated in representative species 
of filamentous and unicellular green algae, liverworts, horsetails, monocotyle- 
dons, and dicotyledons, but not in the mosses, clubmoss, ferns, gymnosperms, 
Three of the gymnosperms (Pinus, Picea, and Thuja) 


or woody angiosperms. 
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may have yielded inactive suspensions because of their high oil content. The 
suspensions from the broad-leaved trees Acer, Populus, and Quercus were 
completely inactive while the Robinia sample showed only a trace of activity. 
The suspensions from Acer, Populus, and Quercus were so acid that the 
chloroplasts coagulated and settled before the Hill solution was added. The 
supernatant solutions were dark brown in color, suggesting the presence of 
tannins. 


The suspensions of chloroplast fragments obtained from four samples of 
green algae were all rather weakly active. The photochemical production 
of acid by Chlorella preparations in Hill solution decreased rapidly with time, 
and virtually ceased after five minutes’ illumination. Their relatively low 
activities must be a result of deterioration during preparation and storage, 
since intact algal cells are reported to be active in the presence of Hill solution 
and other oxidants (1, 9, 18, 28). 

Two of six aquatics tested, the duckweeds Lemna and Wolffia, showed 
moderately high activity. All of the common cereals, together with buck- 
wheat and flax, yielded chloroplasts showing photochemical activity. Millet 
and flax were the only species found to yield chloroplasts more active than 
spinach. _Lamb’s-quarters and Swiss chard had quotients almost as high, 
and these, like spinach, belong to the Chenopodiaceae. Chenopodium Bonus 
Henricus, sugar beet, and Swiss chard have been found active by previous 
investigators (16, 19, 28). 

There was great variability within genera, species, and varieties. Chloro- 
plasts from some species or varieties of the genera Hordeum, Zea, Beta, Cucumis, 
Phaseolus, and Impatiens were active, while others were completely inactive. 
Kumm and French (22) reported Q6, values ranging from 14 to 260 for 
Impatiens biflora, but in the present survey the Impatiens preparations 
showed no activity at a much higher light intensity. Stellaria media was the 
principal species used by Hill in his experiments. Chloroplast suspensions 
prepared in the same manner from local material, however, were only moder- 
ately active (Qf, = 120 — 540). No seasonal trends in activity could be 
discerned from repeated tests with Tradescantia fluminensis. The activity of 
chloroplasts prepared from this species was also consistently lower than that 
observed by Kumm and French (22). 


The photochemical activity quotients for the tobacco varieties were con- 
sistently lower than their dark activity quotients. There was no increase in 
photochemical activity when the tobacco chloroplasts were separated by high 
speed centrifuging, or when subsequently washed twice with distilled water, 
although centrifuging removed the cause of the browning reaction with Hill 
solution. Oxygen production in the presence of either Hill solution or quinone 
was very low, both before and after high speed centrifuging. Tobacco chloro- 
plasts were also observed to absorb oxygen quite rapidly in an air atmosphere 
(7). By reason of their low photochemical activity and rather high dark acid 
production and oxygen absorption, tobacco chloroplasts appear to be unsuit- 
able for research with artificial oxidants. Oxygen production by isolated 
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tobacco chloroplasts without artificial oxidants, as observed by Franck (10), 
would not be detectable by manometric methods. 


Among the 80 species and varieties listed in Table I, 39 showed higher dark 
activity quotients than the corresponding photochemical activity quotients. 
Only 14 had dark quotients of zero, or produced negligible acid in darkness. 
Large variations in dark activity occurred between different suspensions 
prepared from the same species, e.g. Zea Mays, Tradescantia fluminensis, 
Tetragonia expansa, Phaseolus vulgaris. A measurable production of acid 
sometimes occurs when spinach chloroplast suspensions are mixed with Hill 
solution (6) although usually it is too small to be detected in the 10 to 15 min. 
interval required by the titration procedure. 


Forty-five (56%) of the species and varieties tested showed photochemical 
activity quotients of 100 or greater (Table II). Nineteen (24%) showed 
TABLE II 


SUMMARY OF TABLE I ACCORDING TO TAXONOMIC GROUPS AND CHLOROPLAST ACTIVITY LEVEL 
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Group 
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Algae 4 
Mosses 2 
Liverworts 

Ferns 2 
Fern allies 

Gymnosperms 4 
Woody angiosperms 3 
Aquatics 4 
Cereals 2 
Spiderworts 
Chenopods 1 
Crucifers 

Legumes 
Nightshades 1 
Cucurbits 1 
Composites 2 
Other angiosperms 7 
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Total 29 6 26 | 13 | 6 





quotients greater than 500; six (8%) exceeded 1000. Many of the species 
showing activity quotients greater than 500 (Equisetum scirpoides, Wolffia 
punctata, Tradescantia bracteata, oats, barley, millet, rye, wheat, flax, lamb’s- 
quarters, N.Z. spinach, cabbage, broccoli, Brussels sprouts, muskmelon, and 
lettuce) have not been examined previously, and may be suitable for experi- 
mental studies. Wheat and N.Z. spinach, which were used in this investiga- 
tion, have the advantages of rapid growth and extensive persistent growth 
respectively. Both grow well in hot weather. Millet, which is high in acti- 
vity and grows quite rapidly, is also satisfactory, as may be lettuce and flax. 





D), 


ts. 
ss. 
ns 


id 
‘ill 


n. 


al 





CLENDENNING AND GORHAM: PHOTOCHEMICAL ACTIVITY OF CHLOROPLASTS 125 


Although Lemna appears to be only moderately active, and to have high dark 
activity, it can readily be grown in pure culture under well-defined conditions. 
Chlorella sp. offers similar advantages with respect to growth environment. 
The present data indicate, however, that only intact Chlorella cells should be 
employed. 

Kumm and French (22) have suggested that lack of photochemical activity 
in Hill solution may be caused by tannins that combine with the iron to form 
highly colored compounds. Purplish-brown reaction products were observed 
with a number of inactive species in the present survey. A similar color 
reaction was observed, however, with tobacco and Wolffia chloroplasts, which 
were weakly and strongly active respectively. Tobacco leaves contain tannins 
to the extent of 2.5% onadry weight basis (11). As already noted, separation 
of the tobacco chloroplasts from the substances responsible for the browning 
reaction did not increase their activity. The separation of N.Z. spinach and 
Tradescantia chloroplasts from the cell sap and cytoplasm also did not increase 
their photochemical quotients. Addition of tea extract to spinach chloro- 
plasts in Hill or quinone solution produced no inhibition (6). Species that 
were photochemically inactive in Hill solution were also inactive in quinone 
solution. From these several lines of evidence, it appears unlikely that the 
lack of photochemical activity in isolated chloroplasts from many species is 
caused solely by tannins or by chemical reactions between them and Hill 
solution components. 

The presence of heat-stable inhibitors in the cell sap of inactive species was 
readily demonstrated by interchanging the leaf saps of active and inactive 
species as chloroplast suspension media. The activity of centrifuged spinach 
chloroplasts (Q{', = 650) was inhibited 71% and 100%, respectively, when 
suspended in poplar and maple leaf saps. The degree of inhibition effected 
by various foreign leaf saps on centrifuged millet chloroplasts was related to 
the chloroplast activities of the foreign species (Table III). Cell sap from a 
species yielding moderately active chloroplasts (e.g., cucumber) caused 


TABLE III 


EFFECT ON PHOTOCHEMICAL ACTIVITY (Qq,) OF SUSPENDING MILLET CHLOROPLASTS IN LEAF 
SAP AND CYTOPLASM OF OTHER SPECIES 


(Chlorophyll 0.41 to 0.79 mgm. per ml.; crude chloroplast activity of sap sources in parentheses) 

















Sap source* 
Suspending medium Bean Corn Tomato Cucumber 
| (0) (220) (300) (470) 
Foreign sap 0 420 590 710 
Heated foreign sap 0 -- 380 880 
Millet sap control 610 610 1360 900 











* Bean, var. Kentucky Wonder; tomato, var. Earliest and Best; corn, var. Golden Cross Bantam; 
cucumber, var. Improved Long Green. 
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little or no inhibition. Complete inhibition of millet chloroplast activity was 
effected by boiled as well as unheated cell sap from bean leaves, whose own 
chloroplasts were completely inactive after isolation. Cell saps from corn 
and tomato leaves, whose isolated chloroplasts were of intermediate activity, 
were also intermediate in their inhibiting effects on millet chloroplasts. Also, 
this inhibitory reaction was found to be irreversible. Chloroplast activity 
was not restored by subsequent washing, or by centrifuging and resuspending 
the chloroplasts in cell sap from highly active chloroplast preparations. 


PreEvious-HIstory STUDIES 
Ontogenetic Effects 
Chloroplasts isolated from large, mature N.Z. spinach leaves had the highest, 
and chloroplasts from small young leaves had the lowest photochemical activity 
in both ferricyanide — ferric oxalate and quinone solution (Table IV). A 


TABLE IV 


EFFECT OF LEAF SIZE AND AGE ON THE PHOTOCHEMICAL ACTIVITY OF CRUDE CHLOROPLASTS 
FROM N.Z. SPINACH LEAVES 











: Chlorophyll, ch Q3: (0 — 30 min.) 
Leaf size Area*, sq. cm. mgm. per mi. Qua : Quinone 
Small 2.6 + 0.8 1.07 230 60 
Medium 4.1 + 2.3 1.14 330 100 
Large a2 = 4.9 0.59 570 160 

















* Average for 10 leaves. 


repetition of this experiment using chloroplasts separated by high speed 
centrifuging from young and mature leaves, and using the Holt and French 
titration and manometric procedures as well as the quinone method, gave 
confirmatory results (Table V). 


TABLE V 


PHOTOCHEMICAL ACTIVITY OF SEPARATED CHLOROPLASTS FROM N.Z. SPINACH LEAVES 
OF DIFFERENT AGE 

















ch : 

Leaf age Leaf length, | Chlorophyll, oe Qo, (0 - 30 min.) 

" in. mgm. per ml, id Hill Quinone 
Young <1 0.64 60 170 80 
Mature >24 1.05 220 290 160 

















The activity of chloroplasts from young and mature N.Z. spinach leaves 
was not changed by suspending them in cell sap — cytoplasm from mature and 
young leaves respectively; the increase in activity associated with leaf matura- 
tion must, therefore, have resulted from changes in the chloroplasts. 
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The next experiment differed from the foregoing in that leaves from a single 
position on the plant were examined successively during development and 
senescence. The first (basal) leaves of wheat were sampled on the 8th, 15th, 
and 22nd days from sowing. On the final sampling date, samples were also 
taken simultaneously from the second, third, and very young fourth leaves 
(counting from the bottom) as well as from the first, which by this time had 
begun to yellow and wither at the tips. The lengths of 20 leaves were measured 
at each sampling. 

As Table VI shows, chloroplast activity, measured simultaneously by three 
methods, increased as the wheat leaves enlarged and matured and decreased 
during their senescence. Zero activity was observed in chloroplasts from the 


TABLE VI 


EFFECT OF AGING ON THE PHOTOCHEMICAL ACTIVITY OF CRUDE CHLOROPLASTS FROM THE FIRST 
LEAF OF WHEAT 


(Chlorophyll 0.58 to 0.73 mgm. per ml.) 














Q8' (0 — 30 min.) 
Days from Length of leaf, cm.* Ose 
sowing Hill | Quinone 
8 9.8 + 1.4 220 10 | 20 
15 11.2 + 1.6 270 50 50 
ra 12.4 + 1.2 160 20 20 

















* Average of 20 leaves. 
** Leaves had begun to yellow with age. 


youngest (fourth and smallest) wheat leaves examined, although they were 
quite green (Table VII). The adjacent (third or largest) leaf yielded the 
most active chloroplasts followed by the second and first or oldest leaf. 


TABLE VII 


EFFECT OF LEAF SIZE AND AGE ON THE PHOTOCHEMICAL ACTIVITY OF CRUDE CHLOROPLASTS 
FROM LEAVES OF WHEAT 


(Sampled 22 days from sowing. Chlorophyll 0.50 to 0.66 mgm. per ml.) 

















0, (0 — 30 min.) 
Leaf Length of leaf, cm.* ne 
Hill Quinone 
First** mA + 1.2 160 20 20 
Second 244.35 + 2.1 230 _ — 
Third a0.9 + 14 440 50 50 
Fourth ai = 2.2 0 —_ — 














* Average of 20 leaves. 
** Leaves had begun to yellow with age. 
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The foregoing experiments demonstrate that the photochemical activity 
quotients of chloroplasts from active species may undergo very large changes 
during development and senescence. The complete lack of activity in chloro- 
plasts from very young wheat leaves indicates that chloroplast components 
other than chlorophyll must be synthesized before water can be photochemi- 
cally decomposed. The corresponding changes in overall photosynthetic 
capacity were not determined in the populations employed, but judging from 
earlier work (2, 3, 21, 25, 29) they would have been similar to the observed 
changes in chloroplast activity. 


Mineral Nutrition 


Differences in the supply of individual mineral nutrients offered a possible 
explanation for the large variation in photochemical activity of chloroplasts 
prepared from different populations of the same species. In the first experi- 
ment with spinach, tests of photochemical activity were made at intervals 
until deficiency symptoms became apparent. Six tests on the control popula- 
tion over a period of 44 days showed no significant change in photochemical 
activity, the average quotient being 1120 + 80. During this time, however, 
the activities of the nitrogen-, phosphorus-, potassium-, and calcium-deficient 
populations exceeded those of the controls. 

In the second experiment with spinach, no tests of photochemical activity 
were made until deficiency symptoms were apparent. The results of these 
tests combined with the results of the final tests from the first experiment 
are arranged in Table VIII in order of decreasing activity relative to the con- 
trol. Three broad classes with respect to photochemical activity can be 
distinguished: first, activity as high or higher than the control, as shown by 


TABLE VIII 


EFFECT OF MINERAL DEFICIENCY ON THE PHOTOCHEMICAL ACTIVITY OF CRUDE SPINACH 
CHLOROPLASTS 




















Deficiency Leaf symptoms Experiment pene 
Soil control Darker green 1 147 
Calcium Pale green blotches 1 122 
Potassium — 1 110 
Complete nutrient control — 1, 2 100* 
Phosphorus — 1 99 
Boron — 2 91 
Sulphur — 2 77 
Nitrogen (young leaves) Slight chlorosis 1 77 
Zinc 2 74 
Magnesium Necrotic patches 2 66 
Manganese Chlorosis, necrotic spots 2 61 
Copper Chlorosis, wilting, curling 2 61 
Iron Chlorosis 2 61 
Nitrogen (old leaves) Pronounced chlorosis 1 59 














* Experiment 1, Qi, (control) = 1060; Experiment 2, Qi. (control) = 770. 
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the soil control, calcium-, potassium-, phosphorus-, and boron-deficient 
populations; second, activities slightly lower than the control, as shown by 
populations deficient in sulphur, nitrogen (young leaves), and zinc; and 
third, activities decidedly lower than the control, as shown by populations 
deficient in magnesium, manganese, copper, iron, and nitrogen (old leaves). 
The first two classes include all treatments that produced no recognizable or 
only moderate deficiency symptoms, while the third class includes the treat- 
ments that produced severe deficiency symptoms. Although chlorophyll 
content was greatly reduced in the third class, other components of the chloro- 
plast mechanism were affected to an even greater extent, as indicated by the 
lower photochemical activities on a unit chlorophyll basis. Deficiencies of 
individual elements also produce reductions in photosynthetic capacity of 
entire leaves (4,5). The degree of reduction is comparable to that produced 
in photochemical activity of isolated chloroplasts. 

The photochemical activities of chloroplast preparations from deficient 
plants with sickly, necrotic leaves were surprisingly high. This retention of 
activity was also observed with primary leaves of wheat suffering from a 
general nutrient deficiency induced by culture in distilled water. These 
showed symptoms of chlorosis with necrotic margins when 18 days old, but 
chloroplast preparations from them had a photochemical activity almost 
identical with that of the control population (Qi. 420, 430 respectively). 


Water Supply 


The results of the two experiments on the effects of water supply are pre- 
sented in Table IX. With both species, incipient wilting did not cause a 
large decrease in chloroplast activity in either Hill or quinone solution. Trends 
in the data suggest a period of higher activity just prior to or at the stage of 


TABLE IX 


EFFECT OF WILTING ON THE PHOTOCHEMICAL ACTIVITY OF CRUDE CHLOROPLASTS FROM WHEAT 
AND SPINACH LEAVES 


(Daily illumination 1000 ft-c. for 12 hr. Chlorophyll 0.78 to 1.18 mgm. per ml.) 

















100 (Q* unwatered) 
, . (Q* watered) 
Source te Appearance 
—_ Titration Quinone 
method method 
Wheat, 2nd leaf Initial Turgid 100 100 
4 hr. Incipient wilting 141 123 
7 Decided wilting 123 127 
8 days Almost dry 17 11 
Spinach Initial Turgid 86 77 
4 hr. Turgid 116 119 
28 hr. Incipient wilting 62 78 
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incipient wilting. The activity of wheat chloroplasts declined slowly as 
wilting became more and more pronounced, but remained detectable almost 
to the point of death. 


Growth Temperature 


Effects of growth temperature were investigated by growing spinach during 
the autumn in separate sections of the greenhouse, one maintained at 60° F. 
and the other at .70° F. Plants in both sections were illuminated with arti- 
ficial light of 1000 ft-c. for 24 hr. prior to sampling. The photochemical 
activity of chloroplasts from these two populations did not differ significantly. 


Diurnal and Seasonal Changes 


The large differences in photochemical activity of Stellaria chloroplasts 
which Hill and Scarisbrick (15) found to be associated with the time of day 
at which the leaf samples were collected prompted an investigation of the 
diurnal changes in chloroplasts from wheat and spinach plants. Commencing 
at 9 a.m., leaf samples were collected at approximately two-hour intervals 
until late afternoon, and in some instances samples were taken successively 
until 10.30 p.m. and a final sample was taken the following morning from 
covered flats. In all, six of these experiments were conducted, in which the 
photochemical activity of the crude or separated chloroplasts were measured 
simultaneously by the manometric and titration methods. 


The most important outcome of these experiments was the observation that 
all chloroplast samples were photochemically active, regardless of the time 
of day at which the leaves were collected. Large decreases on sunny after- 
noons of the order observed by Hill and Scarisbrick on Stellaria were never 
observed. In three experiments conducted in April and May, the photo- 
chemical quotients at 11 a.m. were approximately 25% above those observed 
at 9 a.m. and 4 p.m. The activity of the late forenoon samples was con- 
sistently higher than the 9 a.m. samples in the early spring experiments but 
not in those conducted later in the season. The trends in activity from 11 a.m. 
onward were not consistent, but either remained about the same or declined 
by not more than one-third. Little or no decrease in chloroplast activity 
occurred when the spinach plants were maintained in darkness overnight. 
The experiment reported in Table X shows the largest and most consistent 
changes observed in a spinach population during the daytime. The indicated 
changes represent the only trend which was observed in several experiments. 
The quotients by the titration procedure were above 1000 at all times. Thus, 
in comparison with species other than spinach, the activities were always high, 
regardless of sampling time. In view of the results obtained from artificial 
illumination treatment no significance is attached to the correspondence 
of chloroplast activities and light intensities at which the leaves were collected 
(Table X). 

Two experiments were also performed with plants of Stellaria media. In the 
first, plants were picked and brought to the greenhouse early in the morning 
and exposed to sunlight in shallow trays of water. In the second, plants 





nost 


ring 
°F. 
arti- 
rical 
itly. 


lasts 

day 
the 
icing 
rvals 
ively 
from 
1 the 
sured 


that 
time 
ifter- 
never 
hoto- 
orved 

con- 
s but 
| acm. 
‘lined 
tivity 
right. 
istent 
cated 
nents. 
Thus, 
high, 
‘ificial 
dence 
lected 


In the 
orning 
plants 





CLENDENNING AND GORHAM: PHOTOCHEMICAL ACTIVITY OF CHLOROPLASTS 131 


TABLE X : 


DIURNAL FLUCTUATION IN PHOTOCHEMICAL ACTIVITY OF CRUDE CHLOROPLASTS PREPARED 
FROM SPINACH LEAVES 


(Chlorophyll 0.45 to 0.69 mgm. per ml.) 











Sampling time Light intensity, ch Qs (0 — 20 min.) 
(E.S.T.) ft-c.* nal Quinone 
8.15 a.m. 3800 — 3800 1210 220 
9.40 a.m. 4900 -— 4900 os 290 
11.15 a.m. 4100 — 4900 1610 — 
1.05 p.m. 4100 -— 4900 1400 180 
3.15 p.m. 3800 — 3800 1170 110 














* Minimum and maximum during half-hour prior to sampling. 


growing in the greenhouse in light of moderate intensity were sampled at 

intervals until sunset. In the first experiment, chloroplast activity increased 

steadily until 1 p.m., when it exceeded that at 9 a.m. by 55%, after which it 

declined to the morning value (Table XI). In the second experiment, a 
TABLE XI 


DIURNAL FLUCTUATION IN PHOTOCHEMICAL ACTIVITY OF CRUDE Stellaria media CHLOROPLASTS 


(Chlorophyll: first experiment 0.28 to 0.36 mgm. per ml.; second experiment 0.68 to 0.77 











mgm. per ml.) 

Illumination Time Light intensity, on 
conditions (E.S.T.) ft-c. sa 
Plants detached, shallow 9.00 a.m. 9200 220 
tray of water 10.00 a.m. 6500 230 
11.00 a.m. 10,000 260 
1.00 p.m. 10,000 340 
3.00 p.m. 3000 230 

Whole plants in soil 9.00 a.m. 2500 490 
11.00 a.m. 2200 370 

2.00 p.m. 1500 540 

7.30 p.m. Sunset 510 














decrease of 25% at 11 a.m. was followed by activities at 2 p.m. and 7.30 p.m. 
that were as high or higher than those observed at 9 a.m. (Table X1). Although 
more extreme in terms of percentage change, diurnal variations observed with 
this species resembled those found in wheat and spinach. A pronounced 
decrease or total loss of chloroplast activity in the afternoon or evening was 
not observed, in contrast to the findings of Hill and Scarisbrick. From these 
experiments and others reported in following sections, it would appear that 
diurnal changes in activity do not represent im vitro responses to previous 
illumination. 
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Light and Dark Exposure Treatments 


The possible destruction of the chloroplast mechanism was investigated 
in N.Z. spinach by maintaining attached and detached leaves in darkness. 
Three 30-leaf samples, consisting of 10 leaves from each of the fifth, sixth, 
and seventh leaf positions, were floated in glass dishes placed beside the plants. 
Comparable groups of 30 attached leaves were tagged. Even after 48 hr. in 
darkness, the chloroplasts isolated from both the attached and detached 
leaves showed as high photochemical activity as was observed before light 
was excluded (Table XII). 

TABLE XII 


EFFECT OF DARK PRETREATMENT ON THE PHOTOCHEMICAL ACTIVITY OF CRUDE CHLOROPLASTS 
PREPARED FROM ATTACHED AND DETACHED N.Z. SPINACH LEAVES 


(Leaf temperature 21° C., chlorophyll 0.45 to 0.67 mgm. per ml.) 

















Attached Detached 
Hours of scenes <0 
darkness ch 5, (0 — 30 min.) ch Q&; (0 — 30 min.) 
is Quinone - Quinone 
0 890 210 890 210 
24 740 260 850 350 
48 950 240 850 290 

















These results were contrary to those reported for Tradescantia by Kumm 
and French (22). An experiment was therefore conducted with Tradescantia 
fluminensis, obtained locally, following their procedure. Large cuttings of 
Tradescantia, with eight or more leaves on each, were placed in water and 
illuminated for three days by water-filtered light of 1000 ft-c. An initial 
sample was taken and the cuttings removed to the darkroom. Samples were 
taken after three and six hours in darkness. The remaining cuttings were 
then illuminated with water-filtered light of 3200 ft-c. and sampled after 
5 and 18 hr. All activity measurements were made with separated chloro- 
plasts resuspended in water. Table XIII shows that the activity did not 


TABLE XIII 


EFFECT OF PREVIOUS EXPOSURE TO DARKNESS FOLLOWED BY ILLUMINATION ON THE PHOTO- 
CHEMICAL ACTIVITY OF SEPARATED CHLOROPLASTS FROM LEAVES OF Tradescantia CUTTINGS 























ch : 
Tre: Chlorophyll, ch Qo, (0 - 20 min.) 
reatment mom. per ml H+ 5 : 
a : Hill Quinone 
Initial, 1000 ft-c., 3 days 1.20 180 70 50 
Dark, 3 hr. 0.51 160 160 60 
Dark, 6 hr. 0.48 180 90 50 
Dark, 6 hr., 3200 ft-c., 5 hr. 0.69 150 120 40 
Dark, 6 hr., 3200 ft-c., 18 hr. 0.74 120 — — 
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decrease during six hours of darkness or increase in activity during 18 hr. 
of subsequent illumination. The same result was obtained in a further experi- 
ment with crude Tradescantia chloroplasts. Under the stated conditions, 
isolated Tradescantia chloroplasts (with low initial activity) resemble those 
of N.Z. spinach in their lack of sensitivity to preillumination in situ. 

In view of the foregoing results, a drastic dark treatment of the leaves 
appeared necessary to deplete the photochemical activity of isolated chloro- 
plasts. A study was therefore made of the time that spinach leaves must be 
kept in darkness before chloroplasts isolated from them have lost most or all 
of their activity. It will be noted that this experiment has some bearing on 
the use which has been made in the past of market spinach as a chloroplast 
source, after storage periods of several days. A large population of spinach 
plants at an age of one month was tested for initial activity, then placed in 
darkness. The plants were watered and samples taken on the fourth, sixth, 
and eighth days. By the eighth day the leaves had become etiolated and 
sickly. The remaining plants were then illuminated with water-filtered light 
of 3200 ft-c. for six hours. The leaf temperatures were 24° to 25° C. or about 
one degree above the temperature of the surrounding air. Samples were taken 
after two and six hours, while the leaves continued to appear etiolated and 
sickly. A final sample was taken after four days under regular greenhouse 
conditions, when the plants had partially recovered. 

The changes in activity under the above conditions are presented in Table 
XIV. After four days, approximately 70% of the activity had disappeared. 
After eight days a little more activity had disappeared, but some still remained 
despite the etiolated and sickly state of the plants. During the first six 


TABLE XIV 


CHANGES IN PHOTOCHEMICAL ACTIVITY OF CRUDE CHLOROPLASTS WHEN SPINACH PLANTS ARE 
PLACED IN DARKNESS AND THEN IN LIGHT 








| 





Treatment | Qits (0 — 30 min.) 
ee Plant Chlorophyll, |\{——-_|- Soe ee 
Dark, Light, appearance mgm. per ml.| 0-2 | 2-5 Hill | Quinone 
days hr. min. | min, 
0 0 Green, 0.93 1260 1090 270 220 
healthy 
4 0 0.94 410 350 | 20 50 
6 0 0.53 530 390 —20 50 
8 0 Etiolated, 0.70 310 220 —20 20 
sickly 
8 2, 3200 ft-c. | Etiolated, 0.58 540 330 —30 40 
sickly 
8 6, 3200 ft-c. | Etiolated, 0.51 1360 340 —30 40 
sickly 
8 6, 3200 ft-c. | Greening, 0.43 970 490 — _— 
greenhouse, sickly 
4 days 
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hours of illumination there was little or no recovery of activity. (Qi, has 
been calculated for the zero to two minute and two to five minute periods to 
show that the initial burst of activity rapidly declined.) After four more 
days in the greenhouse, the recovery was still incomplete. 


An attempt was made to promote the formation of the hypothetical ‘‘acti- 
vator’ substance by illuminating leaves from plants partially depleted of 
activity by a dark pretreatment of three or four days. In four related experi- 
ments, tests for activity were made after 0, 7, and 13 hr. of illumination with 
artificial light of 3200 ft-c. In the first three exposure treatments, conducted 
in a room at 5° C., detached leaves were illuminated as they floated in shallow 
aluminum pans. The leaves were exposed to water-filtered light at a tem- 
perature of 6°C. in the first experiment. The water filter was removed 
and the leaf temperature was maintained at 6° to 8° C. by the addition of 
crushed ice every 15 min. in the second experiment. The water filter was 
removed and the leaf temperature was maintained at 25° to 28° C. by a current 
of air in the third experiment. In the fourth experiment the lamps and water 
filter were used in a room at 24° C. and whole plants were illuminated. During 
this experiment, the leaf temperature ranged from 25° to 27° C. 


The results of the four experiments are assembled in Table XV. The pre- 
treatment of three to four days in darkness still left the spinach chloroplasts 


TABLE XV 


PHOTOCHEMICAL ACTIVITY OF CRUDE CHLOROPLASTS PREPARED FROM DARK-DEPLETED SPINACH 
LEAVES EXPOSED TO LIGHT OF 3200 FT-C. UNDER VARIOUS CONDITIONS 




















l 
Dark pre- Illumination | Chlorophyll, - Q8. (0 — 30 min.) 
is “reap Hee "ues eee 7 

days Conditions Time, hr. gm. f : Hill | Quinone 

3 Leaves detached, with 0 1.14 800 180 120 

water filter, 6° C. 7 0.94 900 80 130 

13 0.94 920 170 140 

3 Leaves detached, with- 0 1.17 730 110 100 

out water filter, 6° to 7 0.86 1170 360 180 

es <. 13 0.62 1310 240 200 

$ Leaves detached, with- 0 0.85 820 180 150 

out water filter, 25° to 7 0.85 990 220 160 

28°C. 13 0.75 920 220 150 

4 Leaves attached, with 0 0.80 580 20 80 

water filter, 25° to 27°C. “4 0.77 630 60 90 

13 0.88 670 110 110 























quite active. Only at low temperature with light unfiltered for infrared was 
it possible to effect a significant increase in photochemical activity by illumina- 
tion for 7 to 13 hr. (second experiment). At 25° to 28°C., activity was not 
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Increased by the same preillumination treatment. The leaves became water- 
logged during the illumination treatments at 6° C., but not at 25°C. Chloro- 
phyll destruction was evident at both temperatures. In the final experiment 
with attached leaves, the initial level of activity was lowered by the extra 
day of dark pretreatment. The light treatment increased activity as measured 
by the manometric Hill method but this trend was not confirmed by the other 
two methods. 

The present experiments involving mild as well as drastic light and dark 
pretreatments of leaves of different species have revealed a decidedly more 
gradual loss of chloroplast activity in darkness, and much more gradual 
recovery in light than were observed by Kumm and French (22). The slow- 
ness of the observed responses to previous illumination and darkness does not 
support the hypothesis that a labile photosynthetic intermediate stored in 
the chloroplasts participates in the im vitro reactions. Moreover, the level 
of spinach chloroplast activity does not appear to be regulated by cell sap or 
cytoplasmic factors, for no change in activity was observed when centrifuged 
spinach chloroplasts were suspended in supernatant solutions from crude 
spinach chloroplast suspensions of either high or low activity. 


Stabilization of Stored Chloroplasts 


The photochemical activity of isolated chloroplasts begins to deteriorate 
as soon as they are liberated from the cell. A means of preventing this 
deterioration would be of considerable experimental value. Kumm and 
French (22), in this connection, found that Tradescantia chloroplasts illuminated 
with water-filtered light of 3000 ft-c. lost little activity during six hours’ 
storage at 5°C. Holt and French (20) also reported 10% propylene glycol 
to have a stabilizing effect on stored chloroplasts. 

On repeating the storage experiment of Kumm and French (22) with wheat 
chloroplasts, an acceleration of storage deterioration by light was observed 
(Table XVI). The illuminated chloroplasts lost all activity in six hours 
whereas those maintained in darkness remained active. Illumination of 
spinach chloroplasts during storage, as well as preillumination of the leaves 
before isolating the chloroplasts also did not have stabilizing effects. The 


TABLE XVI 


EFFECT OF ILLUMINATION ON STORAGE DETERIORATION OF PHOTOCHEMICAL ACTIVITY (Qi) 
IN CRUDE WHEAT CHLOROPLASTS, 5° C. 


(Light intensity 3000 ft-c., water-filtered; chlorophyll 0.62 mgm. per ml.) 








Storage time, hr. 





Treatment 
0 1 4 | 6 





Illuminated 130 90 20 0 


Dark control 
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unusual stability of the wheat chloroplasts stored in darkness (Table XVI) 
refers only to the initial rate of photochemical acid production at high light 
intensity. Storage deterioration in wheat chloroplasts was found similar to 
that of other species when the titration measurement at 3200 ft-c. was 
extended considerably beyond the usual five-minute reaction period, as well 
as under the conditions of the manometric Hill and quinone methods. 

In repeated dark storage experiments, centrifuged spinach chloroplasts 
retained more activity during five hours at 1° C. when suspended in water 
than in cell sap and cytoplasm: 











: Percentage of 

areas initial activity 
retained 
Water $5, 35 
Sap 22, 21 








The situation was found to be reversed, however, in similar experiments on 
centrifuged wheat chloroplasts. 

Crude and separated spinach chloroplasts stored in the dark at 1°C. in 
5 to 10% propylene glycol showed greater retention of activity after two and 
five hours than the control chloroplasts (Table XVII), in agreement with 


TABLE XVII 


STORAGE RETENTION OF PHOTOCHEMICAL ACTIVITY IN SPINACH CHLOROPLASTS SUSPENDED IN 
5 TO 10% PROPYLENE GLYCOL, 1° 


(Chlorophyll 0.46 to 0.57 mgm. per ml.) 

















ss ats Oe 
Chloroplast Propylene Initial Retention, % 
suspension glycol, % One 2 hr 5 hr 
Crude 0 1500 67 39 
Crude 5 1350 86 47 
Crude 10 1480 74 49 
Separated 10 830 74 60 














the findings of Holt and French (20). Although judged to be significant, the 
observed effect of propylene glycol is not considered large enough to warrant 
its use in chloroplast research. 

Crude spinach chloroplasts retained 60 to 80% of initial activity immediately 
after freezing in dry ice, but retained none* when snap-frozen in liquid air or 
frozen at temperatures above —20°C. When mixed with equal parts of 


1.0M sucrose, however, crude spinach chloroplasts retained 100% of their 


* In recent experiments using autumn-grown leaves instead of spring-grown leaves, the retention 
with liquid air was 60 to 70% instead of 0, apparently caused by higher concentrations of leaf sugars. 
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initial photochemical activity after snap-freezing in dry ice and rapid (five 
minutes) thawing at room temperature. The activity of separated spinach 
chloroplasts was stabilized equally well under these conditions. 

French et al. (12) reported 72% of original activity retained by intact 
chloroplasts in 0.5M sucrose frozen and stored for 15 hr. Using the freezing 
and thawing procedure outlined in the preceding paragraph, 3-ml. aliquots 
of crude spinach chloroplasts in plastic tubes were stored for periods up to 
two weeks at temperatures ranging from —6.7°C. to —75°C. (powdered 
dry ice). At —40° C. or lower there was complete retention of photochemical 
activity during this period. The deterioration of the frozen chloroplasts 
which occurred above —40° C. was proportional to the storage temperature 
(Table XVIII). 

TABLE XVIII 


EFFECT OF STORAGE TEMPERATURE ON RETENTION OF PHOTOCHEMICAL ACTIVITY (Q{!,) BY 
SNAP-FROZEN CRUDE SPINACH CHLOROPLASTS 


(Chlorophyll 0.40 to 0.49 mgm. per ml.) 














Time, Temperature, °C. 
days ~75 —40 ~28.9 ~17.8 12.2 ais 
0 1460 1570 1570 1570 1570 1550 
2 1420 8 a pe sa 380 
4 1430 1510 1420 730 480 170 
7 1470 1670 1340 670 420 pt 
14 1450 1600 1320 530 170 0 























French and co-workers (12) also reported as high as 69% retention of photo- 
chemical activity by intact chloroplasts washed with water and lyophilized. 
Forty-five milliliters of crude spinach chloroplasts, 0.5 M with respect to 
sucrose, was frozen in a thin layer with dry ice and lyophilized for 48 hr. in a 
vacuum desiccator at a pressure of 1 mm. of mercury. The powdered dry 
product dispersed readily in ice water, and showed 91% of the initial photo- 
chemical activity. After dark storage for one week there was appreciable 
deterioration at 5° C., and approximately 50% loss in activity at 25° C. 


Qi. 
Frozen initial 1350 
Freshly lyophilized powder 1230 
Powder stored in closed bottle, 5° C. 1040 
Powder stored in desiccator, 5° C. 810 
Powder stored in desiccator, 25° C. 540 


Further work may disclose a method of storing lyophilized chloroplast 
preparations at relatively high temperatures but in the meantime low tem- 
perature freezing and storage provide a comparatively simple and effective 
means of stabilizing chloroplast activity. 
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Summary and Conclusions 


From the foregoing investigations, it is apparent that the type of plant 
and age of the leaves have very marked effects on the photochemical activity 
of isolated chloroplasts. A mild water deficit, up to the point of incipient 
wilting, tends to increase chloroplast activity. Beyond this stage, the response 
to water supply is similar to the responses to deficiencies of mineral nutrients 
as well as to light and dark exposure treatments: a marked change in the 
photochemical activity of the isolated chloroplasts occurs only under relatively 
extreme conditions. 


The known participants in the Hill reactions of isolated chloroplasts are 
light energy, chlorophyll, water, and the added oxidant. In addition, un- 
known enzymes are involved, and the participation of chloride and zinc ions 
has been indicated (28). Since the principal, known participants (light, 
chlorophyll, water, oxidant) were maintained at essentially constant and known 
levels in all of the foregoing studies, the observed effects of source and previous 
history must have been expressed through unidentified participants or natural 
inhibitors. The nature of these participants in isolated chloroplast reactions 
as well as in photosynthesis is a subject for future investigation. Stabilizing 
the chloroplast preparations by freezing should widen ‘the scope of possible 
experimentation. 
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THE EFFECT OF THE INCORPORATION OF CERTAIN COVER 
CROPS ON THE MICROBIOLOGICAL BALANCE OF 
POTATO SCAB INFESTED SOIL' 


By J. W. Rouatt? AnD R. G. ATKINSON® 


Abstract 


The decomposition of soybean, rye, and red clover in naturally infested potato 
scab soil resulted in marked quantitative and qualitative changes in the micro- 
flora, but only soybean reduced disease incidence. Soybean and red clover 
increased the numbers of bacteria, actinomycetes, and fungi, with rye having a 
similar effect except on actinomycetes. Tubers invariably supported higher 
numbers of organisms than corresponding soils. In the soybean soil amino- 
acid-requiring bacteria were preferentially stimulated, while those with more 
complex requirements were relatively suppressed. Amino-acid-requiring fungi 
also were slightly increased and there was a corresponding decrease in those with 
simple nutrient requirements. A similar effect occurred in the rye soil. When 
potatoes were grown in the soybean soil, the amino-acid-requiring bacteria were 
markedly increased on, and correspondingly decreased apart from, the tubers. 
In contrast, amino-acid-requiring fungi were completely suppressed in the soy- 
bean soil, still further increased in the rye soil, and preferentially stimulated only 
on the tubers in the control soil. The Bacterial Balance Index showed a relation- 
ship with degree of infection, the high index in the soybean soil being associated 
with least scab. This effect was particularly emphasized in soil on the tubers. 


Introduction 


In the search for some practical control of certain soil-borne plant diseases 
numerous investigators have tested the value of incorporating fresh organic 
matter into the soil (1, 5, 10, 11, 12). The incorporation of such material 
into soils supporting a microbiological population compatible with a certain 
pathogen or disease complex has resulted in changes in the population which 
have been associated with a reduction in disease incidence. The mechanism 
whereby the pathogen is rendered less effective or completely controlled is 
extremely complex and most difficult to evaluate. The role played by associ- 
ative and antagonistic phenomena is difficult to appraise since variation in 
chemical and physical factors of the soil profoundly affects its microbiological 
activity. However, attempts to follow changes in the microbial equilibrium 
in a soil following the addition of amendments are felt to offer valuable inform- 
ation as to the biological character of the control. This paper presents results 
of experiments in the greenhouse which demonstrate effects, favorable and 
otherwise, of fresh organic matter on the incidence of potato scab and the 
microbiological equilibrium of soil naturally infested with the potato scab 
organism. 

1 Manuscript received Octeber 20, 1949. 
Co-operative project, Science Service, Department of Agriculture, Ottawa. Contribution 
No. 294, Division of Bacteriology and Dairy Research, and No. 997, Division of Botany and Plant 
Pathology, Science Service, Department of Agriculture, Ottawa, Canada. 
2 Associate Bacteriologist, Division of Bacteriology and Dairy Research, Science Service, 
Department of Agriculture, Ottawa. 
ia * Associate Plant Pathologist, Dominion Laboratory of Plant Pathology, St. Catharines, 
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Materials and Methods 


Naturally infested light sandy loam soil which had consistently produced 
unmarketable potatoes, was transferred to the greenhouse, thoroughly mixed, 
and distributed in 9-in. clay pots. Soybeans, rye, and red clover were planted 
in different lots of the soil, one lot being maintained as a control. When the 
rye and soybeans had reached their most succulent stage (approximately six 
weeks after planting) they were chopped up finely and incorporated with the 
soil in which they had grown. Because of slower growth the clover was left 
undisturbed at this time. After allowing a four-week period for decomposition 
of the organic material, representative soil samples were taken for quantitative 
and qualitative analysis of the microflora and the crops were again planted. 
This procedure was followed for second crops of soybeans and rye, the clover 
being included at this time. Subsequently, potatoes of the susceptible 
Katahdin variety were grown in all three soils and a control. 

All soil samples were plated on soil extract agar for actinomycetes and 
bacteria (6, 12), and on acidified soil extract agar for fungi. Samples of soil 
in immediate contact with the tubers were obtained by methods similar to 
those used by Lochhead (6) in studying the bacterial flora of the rhizosphere of 
certain field crops. Representative organisms for further study were selected 
according to previously described methods (13) and nutritional classifications 
were carried out after the plan of Lochhead and Chase (7). 

On examination of the tubers it was found that soybeans had caused a 
marked reduction in the incidence of scab, whereas rye and clover had effected 
little or no change. The entire experiment was repeated with the beneficial 
effect of soybeans on scab incidence again being demonstrated. 


Quantitative Results of Soil Treatment 


The results of counts of actinomycetes, bacteria, and fungi are summarized 
in Table I. 

The incorporation of one crop of rye gave rise to only a slight increase in 
abundance of bacteria while soybeans and red clover resulted in marked 
increases. A second crop of rye increased bacterial numbers more appreciably 
but to a lesser degree than did a second crop of soybeans. 

Numbers of actinomycetes were increased after the incorporation of one 
and two crops of soybeans and to a lesser degree after one crop of red clover. 
Two crops of rye had no stimulating effect on numbers of actinomycetes. 

The fungus population was markedly increased after one crop of soybeans 
while one crop of rye gave rise to only a slight increase. The accuracy of the 
counts, after a crop of clover and second crops of rye and soybeans, was reduced 
because of the excessive development of Trichoderma in many of the plates. 
The indication is, however, that the incorporation of clover also increased 
fungus activity but not to the same extent as did soybeans. 
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TABLE I 


EFFECT OF SOIL TREATMENT ON NUMBERS OF ACTINOMYCETES, BACTERIA, AND FUNGI 






































Actinomycetes Bacteria Fungi 
nn (millions)* (millions) * (thousands)* 
4° 2 1 2 1 2 
Rye a7..5 21.0 67.5 148.1 450 550 
Red clover 29.8 — 240.0 = 790 a= 
Soybean s5.5 42.0 221.0 239.4 1200 570 
Control 20.0 22.4 41.9 52.0 350 550 
After crop of potatoes 
Apart On Apart On Apart On Scab 
from ates from te from sales incidence, 
tubers ee tubers — tubers %t 
Rye 22.5 830 87.5 4053 525 20,512 44.6 
Red clover 27.3 577 107.0 3438 458 16,666 41.4 
Soybean 30.8 388 144.5 2111 541 5,555 10.3 
Control 24.0 722 at 4528 275 20 ,833 48.0 


























* Per gram oven-dry soil, 
** Number of cover crops. 
t Based on percentage area of lesioned surface. 


After potatoes were grown in the control and treated soils numbers of 
microorganisms remained greatest in the soybean treated series. The reverse 
of this was true on the tubers where those from the soybean soil maintained 
a much smaller population of all three groups of organisms than did any of the 
others. Higher counts apart from the tubers and lower counts on the tubers 
were associated with a lessening in severity of the disease, an effect also noted 
by Hildebrand and West (2) in studying root rot of strawberries. Tubers, in 
all cases, supported a much higher population of organisms than did the corre- 
sponding soils thus displaying an effect similar to the well known ‘‘rhizosphere 
effect” of other plants. 


Qualitative Results of Soil Treatment 

Bacteria 

Data on qualitative changes summarized in Table II were obtained from 
results of samplings taken after the incorporation of two crops of soybeans and 
rye and one of clover. Similar but less marked results were obtained after 
one crop of soybeans and rye. Since data from both experiments are essen- 
tially the same, only those from the first are presented. Bacteria requiring 
amino acids for maximum growth were preferentially stimulated in the soy- 
bean-cropped soil while those requiring the more complex ingredients of yeast 
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TABLE II 


EFFECT OF SOIL TREATMENT ON RELATIVE INCIDENCE OF NUTRITIONAL GROUPS IN BACTERIA 








After crop of potatoes 








. rea*® 
Con | ee F Control Soybean Rye Clover 
«| Rye® | Clover 
Nutritional groups trol | bean Apart Apart Apart Apart 
ome On pe Ga oie On po On 
tubers tuber . 
tubers tubers where tubers tubers tubers tubers 





Incidence, % 





I. Grow in basal | 33.4 | 30.6 | 22.9 | 15.2 | 21.0 | 12.3 | 20.8 | 11.9 | 23.3 | 29.7 | 18.0 | 21.1 
medium 
II. Require one or | 12.2 | 31.7 | 10.4 9.8 | 12.0 | 28.8 | 13.5 | 42.4 6.3 | 10.6 8.0 | 13.3 
more amino 


acids 

III. Require growth | 16.6 | 13.2 | 11.5 | 10.9 9.0 | 11.2 9.4 9.8 8.3 | 10.6 4.0 5.5 
factors 

IV. Require amino 7.8 | 10.2 7.3 6.5 8.0 | 15.5 | 21.9 | 15.2 4.1 | 13.8 2.0 | 12.3 
acids and 


growth factors 
V. Require yeast 17.8 7.2 | 27.1 | 43.5 | 27.0 | 30.0 | 20.8 | 14.1 | 29.5 | 27.7 | 42.0 | 37.8 


extract 

VI. Require soil 8.8 5.1 | 10.4 8.7 | 16.0 0 3.2 1.1 | 20.0 5.4 | 15.0 3.4 
extract 

VII. Require yeast 2.2 1.0 5.2 1.1 5.0 a.8 8.3 3.3 8.3 2.2] 11.0 5.5 


extract and 
soil extract 
No growth in | 1.0 $.2 4.2 2.0 1.1 33 2.2 0.0 0.0 0.0 1.1 
test media 









































* Two successive crops incorporated with soil. 


and soil extract were relatively depressed. In the rye and clover soil, however, 
bacteria requiring the complex ingredients of yeast and soil extracts were 
stimulated and those with simpler requirements depressed. 

The effect of the growth of a crop of potatoes in all soils was to stimulate 
bacteria requiring the complex ingredients of yeast and soil extract and 
suppress relatively those with simpler growth requirements. Only in soybean- 
cropped soil did those with simpler requirements remain the most abundant. 
In the soil in immediate contact with the tubers bacteria requiring amino acids 
were more numerous than in the corresponding soil apart from the tubers. 
On the other hand, organisms requiring yeast and soil extract were more 
numerous in soil apart from the tubers. This effect was particularly noticeable 
in the soybean cropped soil. Similar results have been reported in qualitative 
studies of the rhizospheres of other crops (3, 4, 8, 14). 

Table III shows a relationship between the bacterial balance index (16), 
disease incidence, and soil reaction. The bacterial balance index in soil 
both apart from, and in contact with, the tubers in the soybean series was 
higher than that of the control, rye, or clover series, the higher index being 
associated with least scab. The reaction of the soybean cropped soil was 
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TABLE III 
EFFECT OF SOIL TREATMENT ON INCIDENCE OF SCAB, BACTERIAL BALANCE INDEX, AND SOIL 
REACTION 
iessililiaanes Bacterial balance index Soil 
Treatment of scab,* Apart from On wa 
70 tubers tubers I 
Control 48.0 +2 + 8 6.4 
Soybean 10.3 +16 +35 5.0 
Rye 44.6 — 3 + 1 6.5 
Clover 41.4 + § +4 6.4 
* See footnote, Table I. 
TABLE IV 


EFFECT OF SOIL TREATMENT ON THE RELATIVE ABUNDANCE OF FUNGI 








Control Soybean Rye Clover 





Fungus 1 2 '* 2 1 


to 


1 





Abundance, % 








Rhizopus Le i 0.0 | 7.2 13.8 0.0 
Mucor 2.4 4.2 9.5 0.0 0.0 0.0 
Penicillium 34.5 46.5 12.5 33.7 3.6 8.8 25.7 
Hyalopus 10.7 ae 21.7 10.8 21.5 26.5 20.0 
Trichoderma ie. 3.5 2.8 6.7 21.5 12.6 135 
Aspergillus 0.0 8.3 0.0 1.4 0.0 ace ee 
Botrytis 4.2 3.9 0.0 a7 0.0 i.e 1.5 
Acrostalagmus 2.4 0.0 2.8 Ye 0.0 3.8 1.5 
Verticillium 4.7 0.0 1.4 0.0 0.0 0.0 
Hormodendrum 0.0 0.0 0.0 0.0 0.0 1.3 12.8 
Volutella 0.0 0.0 6.8 $.4 0.0 0.0 4.6 
Myrothecium 0.0 0.0 0.0 0.0 3.6 0.0 5.9 
Fusarium 1.2 0.0 13.9 6.7 3.6 1.3 4.6 
Other fungi 32.0 26.6 13.9 14.9 25.0 18.9 14.3 
Sterile myceliam 8.3 5.0 13.9 |e i 14.2 8.7 iS 
Total No. isolates 84 60 72 74 28 79 70 


























* Number of cover crops. 


lower than that of the other soils, a result also noted by Hildebrand and 
West (2) in studying root rot of strawberries. 


Actinomycetes 


An attempt was made to note qualitative changes in the actinomycete flora 
of the soils, using the same methods as for the bacteria. No relationship was 
evident between nutritional requirements and soil treatment, the proportion 
of isolates of different nutritional groups being quite stable regardless of 
treatment. For all soils the largest proportion of isolates required either 
known amino acids or yeast extract for maximum growth. 
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Fungt 

The frequency of the various fungi appearing on dilution plates of the control 
and cover-cropped soils is presented in Table IV. Apparently the predomin- 
ating fungi in the soil employed were Penicillium spp., whereas all other genera 
were relatively scarce. 

The incorporation of one crop of soybeans greatly reduced the incidence 
of Penicillium and increased Hyalopus, so that the latter became the most 
abundant fungus. After the second crop, however, this trend was reversed 
and the original predominance of Penicillium was re-established. This was 
associated with a slight increase in Mucor. Decomposition of one crop of rye 
resulted, as with soybeans, in the stimulation of Hyalopus and suppression of 
Penicillium, a relationship which was not disturbed by the incorporation of a 
second crop. The incorporation of one crop of clover caused a similar but less 
severe shift than that of the first crop of soybeans since a balance was attained 
between Penicillium and Hyalopus. Hormodendrum was increased and was the 
next most frequently isolated fungus in the clover soil. 

Table V shows the effects of growing a crop of potatoes on the fungus 
flora. 

TABLE V 


EFFECT OF SOIL TREATMENT ON THE RELATIVE ABUNDANCE OF FUNGI FOLLOWING A CROP OF 
POTATOES 


















































Control Soybean Rye Clover 
Apart Apart 

Apest from On tubers Apert from On tubers from Ga from On 

tubers tubers tubers tubers 
Fungus tubers tubers 
ag = 1 2 1 2 1 2 1 1 1 1 
Abundance, % 

Rhizopus 0.0 2.3 0.0 | 18.2 1.6 0. 0.0 0.0 | 12.2 0.0 1.5 0.0 
Actinomucor 0.0 0.0 0.0 0.0 8.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Oospora 5.7 0.0 2.8 0.0 1.6 0.0 0.0 0.0 2.4 6.3 1.5 | 20.0 
Monilia 17.2 0.0 0.0 1.0 1.6 0.0 | 10.0 0.0 4.8 0.0 0.0 0.0 
Aspergillus 2 9.3 0.0 4.0 0.0 | 60.0 0.0 3.4 0.0 0.0 1.5 0.0 
Penicillium 2.9 7.0 | 32.0 3.0 4.9 0.8 | 20.0 2.3 | 14.4 | 12.6 3.1 6.7 
Hyalopus 11.4 | 14.0 4.2 | 35.5 | 28.3 2.6 0.0 2.3 | 21.6 | 18.7 | 29.2 6.7 
Trichoderma 8.6 9.3 0.0 0.0 | 11.5 2.6 0.0 | 13.5 | 12.2 6.3 1.5 0.0 
Gliocladium 0.0 0.0 Pe 2.0 4.9 0.0 0.0 | 12.4 0.0 0.0 1.5 3.3 
Acrostalagmus 0.0 | 14.0 8.6 2.0 0.0 0.8 0.0 | 12.4 0.0 0.0 0.0 0.0 
Botrytis 2.9 | 14.0 6.3 0.0 0.0 0.0 0.0 0.0 0.0 6.3 0.0 | 16.7 
Hormodendrum 2.0 0.0 | 10.5 0.0 3.2 0.0 | 20.0 0.0 2.4 | 21.8 4.5 3.3 
Heterosporium 8.6 4.6 0.0 0.0 0.0 0.0 0.0 0.0 Pe 3.1 1.5 3.3 
Fusarium 8.6 0.0 | 17.0 | 25.3 | 24.6 | 17.4 | 40.0 | 37.0 7.2 | 12.6 4.5 | 30.0 
Volutella 0.0 0.0 0.0 0.0 1.6 6.1 0.0 6.7 0.0 0.0 4.5 0.0 
Stilbella 0.0 2.3 0.0 4.0 0.0 2.7 0.0 2.2 0.0 0.0 | 21.4 3.3 
Other fungi 28.3 | 23.2 | 17.2 5.0 | 15.0 8.0 | 10.0 7.8 5.6 | 12.3 | 23.8 3.7 

Total No. isolates 35 43 47 99 61 115 10 89 41 32 65 30 









































* First and second experiments respectively. 
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In the control series Penicillium was markedly suppressed in soil apart from 
the tubers and stimulated in soil on the tubers. In the second experiment, 
however, Hyalopus was the dominant fungus on the tubers while Fusarium 
and Rhizopus were increased. Penicillium was also suppressed in the soy- 
bean treated soil while Fusarium was greatly increased both on, and apart 
from, the tubers. In the first experiment Hyalopus also was increased, whereas 
in the second this fungus was supplanted by Aspergillus which accounted for 
60% of the isolates. The growth of potatoes did not affect the increase in 
Hyalopus noted earlier in the rye and clover soils but did result in the latter 
soil in a marked increase in Stilbella. In the clover, as in the soybean soil, 
Fusarium was the most abundant fungus in soil on the tubers, with Oospora 
and Botrytis being appreciably increased. In the rye series Hormodendrum 
and Hyalopus were the dominant fungi in soil on the tubers. 


The results indicate that the growth of potatoes markedly suppressed 
Penicillium both in the control and cover-cropped soils. In contrast, the 
increase in Hyalopus induced by incorporation of the cover crops was only 
affected in one instance, a reduction in soybean soil in the second experiment. 
The increase in Fusarium both apart from, and on, the tubers was the only 
change in the fungus flora specifically associated with the reduction of scab 
in the soybean soil. 

Data on the nutritional requirements of fungi isolated from the soils before 
the potatoes were grown are presented in Table VI. The effect of cover 
cropping on the nutritional groups of fungi is shown in Table VII. Similar 


TABLE VII 


EFFECT OF SOIL TREATMENT ON NUTRITIONAL GROUPS OF FUNGI 























Control | Soybean**| Rye** | Clover 
Nutritional group* 
% 
I. Maximum growth in basal medium 75.8 65.0 70.2 75.8 
II. Require one or more amino acids a8 16.3 13.9 8.7 
III. Require growth factors 7.4 9.3 2.3 8.7 
IV. Require amino acids and growth factors 1.8 2:3 se 0.0 
Va. Require yeast extract 7.4 4.6 4.6 0.0 
Vb. Require yeast or soil extracts i 2.3 4.6 4.2 
VI. Require soil extract 0.0 0.0 0.0 0.0 
VII. Require yeast and soil extracts 0.0 0.0 0.0 0.0 
No. isolates tested 54 43 44 46 

















* See footnote, Table VI. 
** Two successive crops incorporated with soil. 


data obtained after potatoes were grown are presented in Tables VIII and 1X 
respectively. 
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** Number of isolates. 


* See Table IT. 
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TABLE IX 
NUTRITIONAL GROUPING OF FUNGI FOLLOWING A CROP OF POTATOES 
Control Soybean Clover Rye 
Apart Apart 
Apart from Apart from On On 
Nutritional tubers On tubers tubers On tubers — tubers from tubers 
group tubers eunan 
4° 2° 1 | 2 1 | 2 1 2 1 1 1 1 
Growth, % 
Maximum growth in | 94.5 | 84.5 | 23.3 | 64.0 | 88.0 | 95.5 |100 91.0 | 69.0 | 80.0 | 24.2 | 93.8 
basal medium 
Require one or more 2.5 | 46.5 | 18.8 2.3 6.9 | 10.0 | 62.0 6.2 
amino acids 
Require growth factors 5.5 3.1 6.1 4.5 2.2 2.3 | 10.0 3.5 
Require amino acids or 2.5 3.0 4.4 6.9 
growth factors 
Require amino acids 13.4 3.0 10.4 
and growth factors 
Require yeast extract 7.7 | 10.0 | 10.9 6.9 
Require soil extract | 3.3 
6.9 
Require yeast or soil 6.7 
extracts 
Require yeast and soil 1.5 
extracts 
No. isolates tested 19 39 30 64 33 44 a 46 43 10 29 16 
Sporulation, % 
Maximum sporulation | 37.5 1.6 34.3 | 10.0 9.3 5.3 PF 
in basal medium 
Require amino acids 25.0 | 18.4 | 50.0 | 20.3 | 15.0 | 18.6 20.9 §.2 | 13.11 D.3 
Require growth factors 3.2 2:1 9.3 85.8 | 12.1 | 00.7 | 23.0 
Require amino acids or | 12.5 3.2 4.5 4.6 6.9 2.6 
growth factors 
Require amino acids 6.4 | 21.5 8.1 2.3 | 25.0 | 23.3 7.9 14.3 | 25.0 
and growth factors 
Require yeast extract 12.5 | 52.5 | 14.2 | 26.5 | 45.0 | 62.8 | 75.0 | 18.6 | 45.6 | 11.1 | 28.5 | 41.7 
Require soil extract 12.5 3.2 10.0 4.6 2.6} 11.1 
Require yeast or soil 7.8 4.5 | 10.0 2.3 9.3 5.2 5 36.2 
extracts 
Require yeast and soil 7.1 6.2 6.8 | 10.4 | 33.3 8.3 
extracts 
No. isolates tested 8 38 28 64 20 43 4 43 38 9 28 12 









































* First and second experiments respectively. 
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Approximately 75% of the isolates from the control soil were capable of 
growth on a simple basal salts-glucose medium. The incorporation of soy- 
bean and rye cover crops had a slight stimulating effect on fungi requiring 
amino acids for maximum growth. After growth of a crop of potatoes this 
effect disappeared in the soybean soil but was intensified in the rye soil apart 
from the tubers where 62% of the isolates were in this group. Included were 
representatives of the following genera: Rhizopus, Monilia, Penicillium, 
Hyalopus, Alternaria, Acrotheca, Oospora, Myrothecium, and Trichoderma. In 
the control soil, on the other hand, the amino-acid-requiring fungi were 
stimulated in soil on the tubers and comprised the following genera: Acrosta- 
lagmus, Penicillium, Botrytis, Oospora, Fusarium, and Hormodendrum. 

In contrast to the relatively simple nutrient requirements for maximum 
growth, with the exceptions noted, maximum sporulation of most fungi was 
obtained in media containing either amino acids, growth factors, or both 
combined, or the more complex substances in yeast and soil extracts. The 
only exception occurred in the second experiment where 22 of 64 fungi isolated 
from soil on tubers in the control series sporulated abundantly in the basal 
medium. All except four belonged to a Fusarium sp., which agreed closely 
with F. orthoceras. Only slightly less abundant were those forms requiring 
yeast extract. 


Discussion 


In a soil at any given time the microorganisms are in equilibrium with their 
environment and with each other. Hildebrand and West (2, 15) have demon- 
strated that a microbial equilibrium, in a soil favorable to a condition causing 
root rot of strawberries, could be altered and the soil rendered capable of 
supporting the growth of healthy strawberries. In the present studies the 
incorporation of approximately equal amounts of soybeans, rye, and clover 
were found to have varying effects on both disease incidence and microflora. 
Soybeans, as well as causing a considerable reduction in scab incidence, 
effected a shift in the microbial balance in the soil to one favoring bacteria 
with simple nutritional requirements. Rye and clover, on the other hand, 
favored a balance in which bacteria with more complex growth requirements 
were most abundant and caused little or no reduction in scab. In the latter 
case, apparently, the scab organism is in a favorable environment, while in 
the former it is faced with one unfavorable for its activity as a parasite. This 
condition is emphasized in soil samples taken in immediate contact with the 
tubers. Evidence of a relationship between the bacterial balance and disease 
incidence is indicated, a rising bacterial balance index being associated with a 
reduction of scab. 

Studies by Martin, Anderson, and Goates (9) have indicated a definite 
mold succession corresponding to the residual products of plant decomposition 
in the soil. The kind of plant had no effect on the fungi involved. In the 
present investigation, although only the end point of the microfloral sequence 
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was ascertained, it was clear that the nature of the plant material did deter- 
mine which fungi finally predominated. Such fungi, except in rye treated 
soil, were in turn displaced by others under the influence of a potato crop. 
Variable results after one and two cover crops, respectively, precluded any 
attempt to correlate the reduction of scab by soybean decomposition with 
associated effects on soil fungi prior to the growth of potatoes. 


Following potatoes, however, Fusarium was relatively abundant apart 
from, as well as on, the tubers in the soybean soil only. This effect may be 
ascribed to the particular influence of the potato crop rather than to the soy- 
bean decomposition. The fact that various genera were preferentially 
increased in soil on the tubers does not necessarily indicate an influence of 
normal host physiology in the same sense as the ‘‘rhizosphere”’ effect. The 
effect may be more logically ascribed to the fortuitous circumstance of a ready 
source of carbohydrates in the scab lesions which are normally unavailable to 
the soil fungi. Admittedly this source of nutrients was at a minimum on 
tubers in the soybean soil where least scab occurred. Although it has been 
shown that soil bacteria may be placed in various nutritional groups whose 
predominance may be influenced by green manuring practices, practically 
nothing along these lines has been attempted with soil fungi. The work 
reported here indicates that most soil fungi isolated had simple nutrient 
requirements for growth but that soybean and rye substrates stimulated to a 
slight extent those forms requiring amino acids. The influence of growing 
plants on the mycoflora was again noted when the amino-acid-requiring fungi 
were suppressed in the soybean soil but increased in the rye soil following a 
potato crop. Such fungi were also stimulated in soil on tubers in the control 
but not in the cover-cropped series. This amino-acid effect may have been 
due to the nutritional stimulus provided by the numerous scab lesions in tubers 
in the untreated soil. The absence of this effect in the cover-cropped soils 
may have been due to the presence of the incorporated substrates which satis- 
fied the requirements of the amino-acid group. It may be concluded that 
none of the usual morphological groups, or of the nutritional groups introduced 
in these studies, could be specifically correlated with the decomposition of 
soybeans and the consequent reduction of scab. Further work, however, on 
the nutritional grouping of soil fungi is necessary to determine its value in 
appraising shifts in the microbiological balance. 


The measure of control effected by the incorporation of successive crops 
of soybeans into scab-infested soil may be ascribed to a number of factors any 
one of which might affect scab incidence. The lowering of the pH of the soil 
to a more acid level could have an inhibiting effect on S. scabies. The rapid 
increase in the soil microflora might create conditions unfavorable for the 
pathogen through competition for existing nutrients or by the increase in the 
proportion of organisms antagonistic to it. The increased humus content of 
the soil, by increasing moisture-holding capacity and lowering the oxygen 
content and soil temperature, would tend to render conditions more favorable 
for the host and less favorable for the pathogen. Any or all of these factors 
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will have profound effects on the microbial balance of the soil and attempts to 
appraise shifts in this balance, whether harmful or beneficial, may lead to a 
better knowledge of the principles of biological control of soil-borne pathogens. 
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MUTATIONS IN POLYPLOID CEREALS 
Ill. THE CYTOGENETICS OF COMPACTOID WHEATS! 


STANLEY G. SMITH,” C. LEONARD HUSKINS,? AND GERHARD F. SANDER’ 


Abstract 


The compactoid mutants of wheat are, both phenotypically and cytogenetically, 
the reciprocals of the speltoid mutations. They are determined by excess dosages 
of the long arm of the C chromosome. This may be through primary polysomy 
involving the whole C chromosome, or through formation of isochromosomes 
comprising two long arms of C, or through fragmentation and the presence of 
excess telokinetic long arms of C. The short arm affects the phenotype slightly 
in the opposite direction. Other chromosomes present in excess may compensate 
for lack of C, especially in determining fertility. Most of the compactoid, sub- 
compactoid, and subnormal types are of low fertility but the genetic data obtain- . 
able agree with cytological expectation. Very different progeny types and 
segregation ratios result from compactoid mutants that may be phenotypically 
and genically similar but different in the structure of their C chromosome con- 
stitution. There are three main types of subcompactoids and many subsidiary 
ones. Primary trisomic subcompactoids usually give only normal, subcom- 
pactoid, and compactoid progeny while a secondary type gives normals, sub- 
normals, het speltoids, subcompactoids, and compactoids as regular segregates, 
besides other abnormal offspring. The data have significance for general 
problems of polyploid cytogenetics and the systematics of polyploid cereals. 


I. Introduction 


The compactoid mutants of wheat are in a general sense the reciprocals, 
both phenotypically and cytogenetically, of the speltoid mutants (10). They 
deviate from Triticum aestivum L. (Triticum vulgare Vill.) toward T. compactum 
Host. in the same characters that speltoids deviate toward T. spelta L. But 
while the speltoid phenotype can be defined fairly sharply and even the 
heterozygous speltoids of different strains have certain fairly clearly defined 
characters in common (though they can be classified precisely only by their 
degree of deviation from the parent variety of T. vulgare) compactoids range 
in phenotype from almost “‘typical’”’ T. vulgare to something beyond ‘‘typical’’ 
T. compactum and can be defined as a class only in the most general terms. 
Since T. compactum is of very doubtful specific rank and should probably be 
classed only as a variety of T. vulgare, this is,not surprising but it makes the 
nomenclature very confusing; for instance, the segregating subcompactoid 
of one strain or one cytogenetic type may be more compact-headed than the 
compactoid of another. Further, the compactoid even if homozygous and 
chromosomally balanced, frequently segregates diverse progeny, on account 
of its polysomic nature, whereas the reciprocal speltoid if fertile is usually true- 
breeding. The segregation products of subcompactoids and their ratios are 
also more complex than those of het speltoids. ‘‘Type I’’ subcompactoids 
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regularly give five different classes of segregates, while a subcompactoid of 
“Type IL’’, though it may be asibling and phenotypically similar, gives only 
three. 

The compactoid complex of characters comprises a condensation of the 
rachis, a rounding and thinning of the glumes and a reduction of their ‘‘shoul- 
der’’,—see Plate I hereof, and also Plate I of the Introductory paper of this 
series (10). Most of the compactoids that have been described are ‘‘awnless’’ 
(simply because ‘‘beardless’’ wheats are more commonly grown than bearded), 
but there are bearded compactoids just as there are beardless speltoids. The 
gene complexes controlling them are some 30 crossover units apart on the C 
chromosome and recombination is therefore easy in the appropriate crosses. 
The segregating type we call subcompactoid is the ‘‘compactum-hetero- 
zygote” of Lindhard (4) or ‘‘subcompactum”’ of Nilsson-Ehle (17) and others. 

Subcompactoids in Nilsson-Ehle’s, Akerman’s, and Lindhard’s studies (10) 
have mostly arisen from Series 8 het speltoids. A few have come from Series y 
het speltoids which were themselves irregular segregates from Series 8. They 
apparently only rarely arise directly from normal T. vulgare, but they are not 
infrequent in the progeny of intervarietal or interspecific hybrids. Lindhard 
found one chimera with five subcompactoid heads and one head having both 
subcompactoid and het speltoid sectors. We have obtained a Type |  sub- 
compactoid (22) and also a Type II (see herein) from £ het speltoids. 

The compactoid mutants in general are interesting for their bearing on 
wheat systematics and for the analysis of the concept that a balance between 
genes with opposing tendencies determines the characteristic phenotype of 
T. vulgare. Besides this they reveal particularly clearly the cytogenetic 
complexities that occur in polyploids and the limiting values which these set 
on a number of genetic concepts that ordinarily appear clear-cut in diploids. 
The present analysis is concerned chiefly with the mode of origin of spontan- 
eous compactoid mutants. More extensive studies of C chromosome dosages, 
etc. would give data of value for the elucidation of gene action in polyploids 
generally, as well as for a cytogenetic-taxonomic analysis of the genus 
Triticum. 

II. Material and Methods 


The material investigated was obtained from Dr. A. Akerman, Svaléf, 
Sweden. The various strains are listed in Table I, which shows their origin 
and interrelationships. Cross reference to Table I of (22) will show the 
common origin of some of the speltoid and compactoid strains. The drawings 
are mainly from (20 and 21). The cytological and cultivation methods are 
the same as those in (22), as are the following abbreviations which are used for 
the phenotypes regardless of their cytogenetic constitutions: 

Sp = speltoid; H or Het Sp = heterozygous speltoid; N = normal appear- 
ance for the parental variety regardless of its cytogenetic constitution; SN = 
subnormal; SC = subcompactoid; C or Comp = Compactoid; Dwarf or 
Dwf = a plant that produced no head or only a very small abnormal head and 
therefore could not be classified. 
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ORIGIN AND INTERRELATIONSHIPS OF COMPACTOID AND SPELTOID WHEAT STRAINS 





























Series Donor and Donor's No. information frets Gener References and 
ond — ont Originated Strain or regs - 
strain received new number a. other strains 

As From parent stock 
sc Akerman Not given sc sc 
Strain 1 1929 in 1929 
29-19/20 In 1928 ex 8B Het Sp ex 
pure line ex 0750 X | None 
Akerman Not given H sc Bérsum 
Het Sp 1929 in 1929 
29-21 
sc Akerman 1930-426 sc sc ) 
Strain 2¢ 1929 1929-419-33 
29-25 vy Het Sp 1928-421-13 ex 
pure line ex 0201 X | y 1 (22) 
sc Akerman | 1930-426 sc | Borsum 1930-426 (6) 
Strain 2b 1929 1929-419-33 Smith (unpublished) 
29-26 
sc Akerman | 1930-425-49 sc oc. } 
Strain 3a 1929 in 1929 
29-23 | 
SC Strain ex 8 Het Sp in | 8 1 (22) 
sc Akerman 1930-425—48 sc sc 1923 ex 0715 1930-425-23 to 30 (6) 
Strain 3b 1929 in 1929 
29-24 ) 














Symbols for chromosomes are: C = the chromosome which ordinarily 
carries on its long arm the genes which predominantly determine the 7. vulgare 
phenotype—it is chromosome IX of Sears (18); Cd = a C chromosome lacking 
the above genes because of a deficiency large enough to be detectable at meta- 
phase of meiosis; Ctl = the telokinetic long arm of the C chromosome; Cts = 
the telokinetic short arm of the C chromosome; C* = the mutated C chromo- 
some of Series @ which has a deficiency too small to be established cytologically 
at metaphase but determinable genetically as about 30 crossover units in 
length; Cil = the isochromosome formed by the duplication of the long arm 
of a normal C chromosome—it is the ““Co”’ or compactoid-forming, ‘‘secondary”’ 
an isochromosome which should be 
extraneous 





chromosome of Hakansson (6); Cis = 
formed from two short arms of C; p.m.c. = pollen mother cell; E = 
i.e., any of the chromosomes other than C or its modifications. 


III. Observations 
A. SUBCOMPACTOID STRAIN 1 (TABLE II) (PLATE I oF (10) ) 


Heads of four sib plants of this strain (29-19/22) were collected by C.L.H. 
from Dr. Akerman’s cultures in 1929. Two were subcompactoids, one a 
heterozygous speltoid, and one a normal, all being the progeny of a sub- 
compactoid that arose from a Series 6 het. speltoid the previous year. 
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(a) Subcompactoid Segregates of Type I (CCil) 

The two original subcompactoid plants and 10 of their subcompactoid 
descendants which, either cytologically or genetically, have been determined 
to be of the same type (Type I) have given 1 Sp, 57 H, 124 N, 3 SN, 117 SC, 
3 Comp, and 2 Dwf. The speltoid was sterile and had an anomalous constitu- 
tion of 41 chromosomes; there was evidence from its other characteristics that 
it arose by natural crossing. Speltoids do not occur as regular segregates from 
selfed subcompactoids. 


Fourteen subcompactoid segregates from subcompactoids and one that 
arose from a subnormal by natural crossing had 20 homomorphic bivalents and 
either one heteromorphic bivalent or two unequal univalents. One of the 
unassociated chromosomes (Fig. 1) is similar in shape to the univalent C 


H4ospeorenroreroegon’ 


Fic. 1, First meiotic metaphase in Type I subcompactoid, 20, + C, + Cil,. 


chromosome of 6 het speltoids. The other has paired on itself and formed 
chiasmata; it therefore simulates a small bivalent (6, 8). Various metaphase 
configurations of these two chromosomes are illustrated in Fig. 2, A to I. 
Their shapes and an analysis of their associations show that the smaller 
member of the pair is a normal C and that the longer member is an isochromo- 
some (Cil) composed of two long arms of C. In Fig. 2, A and B, one arm of 
Cil is associated with the long arm of the normal C. In Fig. 2, C and D, the 
Cil is apparently associated by chiasmata between its own arms and also 
interstitially between one of these and the long arm of the C. In Fig. 2, 
E to I, one arm of Cil is associated subterminally or terminally with the long 
arm of C and there are varying degrees of interstitial association between the 
two arms of Cil. The short arm of C has not been seen associated with any 
part of Cil. 


When C and Cil are associated, which they were in 96 out of a sample of 
200 first metaphases, 21 chromosomes go to each pole at anaphase, and following 
the second division half the tetrad nuclei and in turn half the gametes will 
have 20 + C and half 20 + Cil. If C and Cil are unassociated, they usually 
lie off the plate at metaphase. They reach it during the early anaphase and 
divide as the other chromosomes approach the poles. This observation is 
contrary to that of Hakansson (6) who observed in a similar strain that they 
more frequently go undivided to the poles in the first meiotic division. We 
find they usually behave as the heteromorphic chromosomes of het speltoids 
do when unpaired, or as the univalent does in 8 het speltoids. Fig. 3, A to D, 
shows the division of the unassociated C and Cilchromosomes. _ In one nucleus 
at first anaphase the Cil chromosome formed a bridge between the two poles 
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and an accompanying acentric fragment lay on the equator. There is similar 
and other evidence of an inverted repeat in the long arm of the normal C 
chromosome which is probably responsible for this bridge and fragment (12). 
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Fic. 2. Various modes of association of the C and Cil chromosomes in Type I subcom- 
pactoids. 


Fic. 3. Four examples of anaphase separation of unassociated C and Cil chromosomes in 
Type I subcompactoids. 


In the second division the ‘‘daughter univalents”’ are distributed to either 
pole. Fig. 4, A to D, shows various second telophase figures observed. It is 
evident that there will be varying distributions and varying numbers of 
chromosomes left out of pollen tetrad nuclei, so that pollen grains may have 
20, 20 + C, 20 + Cil, or 20 + C + Cil. Gametes with 20 + C + C and 
20 + Cil + Cil are also formed occasionally. If we assume the production 
of similar types of ovules as of pollen, and consider only the first three com- 
binations, we shall expect a CCil subcompactoid to have five main types of 
progeny, Het Sp with 40 + C, N with 40 + 2C, SN with 40 + Cil, Type I SC 
with 40 + C + Cil, and Comp with 40 + 2Cil. 

One subcompactoid was found to have, in addition to Cil, a telokinetic 
long arm of C (Ctl) instead of a complete C chromosome (Fig. 5, G to I, 
Fig. 25). Since Ctl lacks the short arm of C, the plant was trisomic for the 
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long arm and nullisomic for the short arm. It gave 10 H, 8 SN, 20 SC, and 
2 Comp. The subcompactoid progeny were of two types differing slightly in 
degree of head-density. One of the denser types was CilCtl and one of the 
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Fic. 4. Examples of C and Cil chromosome behavior in the second division of a Type I 
subcompactoid. 


less dense type was CCil. The het speltoids were also of two types, one with 
tighter glumes than the other. In similar types recovered later it has been 
found that the looser type has 20,, + Ctl and the tighter 20,, + C. The eight 
plants classified as subnormals included one with almost normal glumes 
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Fic. 5. A. Ctl univalent of a 20, + Ctl het speltoid. B to F. Ctl + Ctl bivalents of a 20, + 
2Ctl subnormal. G. Ctl and Cil univalents of a 20,, + CtlCil subcompactoid. Hand I. Ctl — 
Cil bivalents of a 204, + CtlCil subcompactoid. 


(subnormal glumes have a slightly narrower shoulder than their normal sibs). 
Later observations on their progeny suggest that the seven typical sub- 
normals were CtlCtl and the other CCtl. The normal C chromosome of the 
less dense subcompactoids and tighter het speltoids and the almost normal 
subnormals must have been introduced through crossing. 


(b) Het Speltoid Segregates 


Eleven het speltoids of this strain have been propagated (Table I). Four, 
including the original plant, 29-21, were segregates from CCil subcompactoids, 
three were from het speltoid segregates out of CCil subcompactoids, three 
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were from subnormal segregates out of a CilCil compactoid, and one from 
a het speltoid out of a subnormal. The het speltoids derived from CCil sub- 
compactoids gave 27 N, 161 H, 5 Sp, 1 SC, and 1 Dwf, while those from 
subnormals gave 7 SN, 35 H, 7 Sp, and 1 Dwf. The het speltoids from sub- 
normals differ slightly from those segregated by subcompactoids in the same 
direction as subnormals differ from the normals which they evidently replace 
they are not regular progeny of subnormals—see later. 





Three of the six het speltoid segregates from subcompactoids and 10 of 
their het speltoid descendants had 40 + C, Fig. 6. The other three het spel- 


boeeri(rocrodoncodon 


Fic. 6. First metaphase in a 20, + C het speltoid from a CCil subcompactoid. 


toid progeny of subcompactoids had 40 + Ctl as did four het speltoid segre- 
gates from subnormals and 10 of their het speltoid descendants. The Ctl 
chromosome is shown in Fig. 5A and Fig. 26. It presumably results from 
misdivision of the kinomere. Three instances of misdivision of Cil have been 
seen in p.m.c. of subnormals. Two of misdivision of a normal C, to give Ctl 
and Cts, have been seen in £ het speltoids, and four of an unidentified, “‘E” or 
‘“‘non-C”’ chromosome in an anomalous 41-chromosome speltoid (12). 

Counts of chromosome loss in pollen tetrads of Ctl het speltoids vary 
considerably. Between 8.5 and 14.0% of the pollen is calculated to be 
carrying 20 + Ctl and the remainder only 20 chromosomes. The frequency 
of loss of Ctl in such het speltoids is therefore roughly similar to that of C in 
ordinary B Series 40 + C het speltoids (22). The former produced more 
40-chromosome speltoid progeny, however (Table Il), which may indicate 
that 20-chromosome pollen is more effective in fertilization when in com- 
petition with 20 + Ctl than with 20 + C. 

(c) Normal Segregates 

Twelve normals of this strain bred true excepting for the production of 
one dwarf. Ten were segregates from subcompactoids and two from het 
speltoids. Of eight normals from normals, two from a het speltoid, and nine 
from various subcompactoids, 13 had 21,,. One from a subcompactoid and 
another from a het speltoid had, however, only 41 chromosomes. Both these 
gave only phenotypically normal progeny apart from the one dwarf. Three 
progeny of the 41-chromosome normal from the het speltoid had constitutions 
like the parent; one from the other 41-chromosome normal had 42 chromo- 
somes. All 19 normals presumably had two normal C chromosomes. 


(d) Subnormal Segregates 


Among 282 progeny from 12 D,, Dz, and D; CCil subcompactoids were 


two that were originally classified as ‘‘normal, slightly square head’’ and among 
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the 16 progeny of a single compactoid segregate, six plants of this type 
appeared. They are intermediate in appearance between their normal and 
subcompactoid sibs, but closer to the former. They are slightly shorter 
than the normals and have slightly more compact heads, especially in the 
upper portion. Their glumes are less sharply keeled and the shoulders narrower 
and less sharply cornered. They mature at about the same time as the 
normals and are fairly fertile. “These subnormals are like the normal pheno- 
type of some standard varieties of T. vulgare and almost.identical in appearance 
with normal segregates from some of our strains of het speltoids and sub- 
compactoids. They are, however, designated ‘‘subnormal”’ since they are 
more compact than normals of the same strain. They are apparently the type 
which Lindhard (13) has called ‘‘squarehead hetérozygote”’. As shown below, 
they are characterized by a lack of the short arm of C which apparently 
influences development in the opposite direction to that determined by the 
long arm, though much less effectively. 

One subnormal from a subcompactoid, two from a compactoid, and five 
from subnormals together gave 1 Sp, 8 H, 97 SN, 6 SC, and 16 Comp, while a 
subnormal segregate from a Ctl het speltoid bred true. The instability of the 
majority of the subnormals is explained by their chromosome constitution 
which in one segregate from a subcompactoid, two from a compactoid, and 
15 from subnormals, was 41 chromosomes which usually form 20, + 1, 
(Fig. 7 and Fig. 32). The univalent is a Cil and its behavior in the first 
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Fic. 7. First metaphase in a 20, + Cil subnormal. 


division is ordinarily similar to that of the univalent C chromosome in Series 6 
het speltoids excepting that its two arms are always associated by chiasmata 
prior to anaphase. In the second division the daughter Cil chromosomes are 
included in the tetrad nuclei with varying frequencies. From 15.5 to 26% 
of the pollen grains are calculated to have 20 + Cil. At its lowest the fre- 
quency of loss is similar to that of C in 40 + C B het speltoids. Three cases 
of bridge and fragment formation involving Cil were seen in one subnormal. 
Like 40 + C het speltoids, these 40 + Cil subnormals should produce three 
types of regular segregates, having 40, 41, or 42 chromosomes but none of 
them should contain a normal C. Both subcompactoid and het speltoid 
progeny of subnormals have, however, been found with an apparently normal 
C chromosome. This must almost certainly have been introduced by crossing. 
Most het speltoids from Cil subnormals have, however, apparently arisen by 
the functioning of a gamete containing a Ctl chromosome formed by mis- 
division of Cil. Presumably, subcompactoid progeny with the constitution 
40 + Ctl + Cil could also originate in this way. One such arose from a CCil 
subcompactoid. 
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The subnormal from a Ctl het speltoid had 40 + 2 Ctl (Fig. 8 and Fig. 30) as 
have many of the subnormals which replace normals in the progeny of CtlCil 
subcompactoids. In such subnormals the two Ctl chromosomes usually pair 
and segregate regularly (Fig. 5, B to F); they therefore breed almost true to 
type instead of segregating as 40 + Cil subnormals do. 


olordl sejtoenogaod) 


Fic. 8. First metaphase in a 20,, + Ctly subnormal, 


(e) Compactoid Segregates 

The compactoids, being more extreme segregates from subcompactoids, were 
expected by earlier workers to be the homozygous mutant form, and before 
their chromosome constitutions were known, surprise was expressed that they 
do not breed true. Most commonly they are reported to give normal, sub- 
compactoid, and compactoid progeny in a ratio of about 2:1: 1or1:1:1 
(14). They are, however, very infertile, particularly if bagged to ensure self- 
fertilization, and the determination of their genetic constitution is therefore 
very difficult. One of the most fertile compactoid segregates from a sub- 
compactoid of this strain (Table II) bore 24 seeds which gave 6 SN, 7 Comp, 
and 3 Dwf. ‘There were no true normals. 

The above compactoid from a subcompactoid, two descended from it and 
six from subnormals all had 40 + 2 Cil. These may be associated at first 
metaphase as 21,, or as 20, + 2 Cil, (Fig. 9 and Fig. 31). In a sample of 


PHVSSPIIGIINIOVO OH ODS 
, 9 
Fic. 9. First metaphase in a 20;, + 2Cil, compactoid. 


100 first metaphases the two Cil chromosomes were associated in 38 and 
unassociated in 62. When unassociated each Cil chromosome appears identical 
in shape and behavior with the single Cil of subnormals and subcompactoids; 
the arms of each are associated by chiasmata and they therefore look rather 
like two bivalents except that each has only one kinomere. Erroneous counts 
of 22,, are in consequence easily made. When the two Cil chromosomes are 
conjugated they may form various configurations depending upon the degree 
of pairing between each other and between their own arms; six are shown in 
Fig. 10, Ato G. Associated Cil chromosomes will produce 20 + Cil gametes; 
unassociated they will give 20 + Cil, 20 + 2 Cil, and 20-chromosome gametes 
lacking Cil. Progeny with a C chromosome cannot arise unless it is introduced 
by crossing but Ctl chromosomes, which produce almost the same effect on 
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the phenotype as C, can be formed by misdivision. Without crossing, no 
true normals are expected from CilCil compactoids. The ‘‘normals’’ reported 
by other workers as segregates from compactoids of this type have probably 
resulted from natural crosses in some cases and in others they may perhaps 
have been subnormals. When there are no true normals of the same strain 
available for comparison, classification is difficult if not impossible. 


fat 


G 10 


Fic. 10. Associations of the two Cil chromosomes of a 20, + 2Cil compactoid. 





A B Cc 


(f) Speltoid Segregates 

Only 14 speltoid segregates, 13 of them dwarf and sterile, have been obtained 
in this family. One came from a subcompactoid, one from a subnormal, 
five from 40 + C het speltoids, and seven from 40 + Ctl het speltoids (Table 1). 
The chromosome constitution was determined in three. The sterile speltoid 
from a subcompactoid was anomalous, as mentioned earlier, in having 41 
chromosomes (Fig. 28). One of the dwarf speltoids from a B het speltoid had 
only 40 chromosomes, as expected. Few cells were satisfactory for detailed 
analysis, but in 13 there were clearly 20,,, in two 19,, + 2, and in one 16,, + 8, . 
In all 16 cells some of bivalents were interlocked, Fig. 11; had this been sec- 
tioned material, some of them would probably have been interpreted as 
multivalents. 
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Fic. 11. First metaphase in a 20, speltoid from a B het speltoid. Note interlocked 
bivalents. 


(g) Subcompactoid Segregates of Type II (CCC) 

The subcompactoid which arose in this strain as a segregate of the 6 het 
speltoid, which also gave a 41-chromosome ‘‘normal”’, was not examined 
cytologically. It gave 10 N, 12 SC, and 2 Comp, and one of its subcompactoid 
segregates gave 11 N, 22 SC, and 6 Comp. These ratios differ from those of 
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Type I subcompactoids in the lack of het speltoid progeny, and resemble those 
of the Type II subcompactoid Strains 2 and 3 in which only a single het speltoid 
has arisen among 416 progeny. The subcompactoids of Type II are generally 
taller and better developed plants than those of Types I or III. One of the 
SC segregates from the SC from B het speltoid had 40 + CCC, Fig. 12, and the 
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Fic. 12. First metaphase of a Type II subcompactoid, Strain 1, with 20, + Cur. 


parent subcompactoid presumably also belonged to Type II. Since no 
trisomic plants were growing near the parental 8 het speltoid this CCC sub- 
compactoid apparently originated from a disomic C gamete produced by the 
40 + C parent. This could result from the inclusion in one first anaphase 
nucleus of both chromatids of a univalent C chromosome. 
(h) Unclassified Dwarf Segregates 

Two dwarf segregates from a 40 + CCil subcompactoid, one from a 40 + C 
het speltoid, one from a 40 + Ctl het speltoid, one from a 41-chromosome 
normal, and three from a 40 + 2Cil compactoid all failed to produce mature 
heads and therefore could not be classified. One dwarf from the compactoid 
had extremely irregular meiosis with most of the chromosomes unassociated 
and neither the total number nor the C or Cil constitution could be determined. 


(t) The Parent Plants 

From their segregation it is assumed that the subcompactoids obtained from 
Dr. Akerman had 40 + CCil and the het speltoid 40 + C. The normal bred 
true and presumably had 40 + 2C chromosomes. They would therefore all be 
typical segregates of a Type I, CCil subcompactoid. Since their subcom- 
pactoid parent was an original mutant appearing in the progeny of a Series 6 het 
speltoid it is probable that the Cil chromosome arose by misdivision of the 
univalent C in the het speltoid. 


B. SUBCOMPACTOID STRAIN 2 (TABLE III) (Fic. 22) 


Two other subcompactoid plants collected by C.L.H. from Dr. Akerman’s 
cultures in 1929 were numbered 29-25 and 29-26. They are progeny of his 
original mutant subcompactoid, 1929-419 pl. 33, which arose along with 46 
N, 41 H, and 4 Sp from vy het speltoid, 1928-421-13. This y het speltoid 
was of the same stock as our Series y Strain 1 (22). Het speltoids of this 
strain have a heteromorphic pair of chromosomes, CCd. Hakansson (6) has 
examined the progeny of sib plants under the number 1930-426. 

SC 29-26 was more vigorous than SC 29-25 and by its complicated segrega- 
tion and the chromosome constitution of its descendants it proved to be a 
distinct type (Smith, unpub.). 
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TABLE III 












































| 
| a Generation No. of | No. of seeds | Progeny 
Parent plant TOOTS, Soren ey fae Tagan $$$ rs 
aii No. Sown Sown | Germ,| H | N | SC | C | Dw |Total 
Seite tee Sci ep) i—j}- BS EEO es 
| rt Ft 
1 Original SC 29-25 1929 | D1 | 1930 | + —] 37 1} 19] 10 2 0} 32 
2 SC(CCCil) ex 29-25 1930 | D2 | 1931 | 1 — 24 20 | O is | 3 0 2|] 20 
TS Cae NSS ae — = Py ae 
3 Total 2—]| 64 57 1 34 13 2 2 52 
4 SC(CCC) ex SC 29-25 | 1930} D2 | 1931 2 48 45 ol 221 2 2 Oo} 45 
5 SC(CCC) ex SC(CCCil) | 1931 D3 | 1932 1 —| 24 21 Oo} 13] 7 1 o| 21 
6 SC(CCC) ex SC(CCC) 2— 48 46 0 29 16 0 0 45 
7 Ditto 1935 1 —| 24 oo 5 3 1 0 9 
8 Ditto 1932 D4 | 1933 1— 36 ae ee 10 1) 0} 35 
9 Ditto 1933 D5 | 1935 1 —]| 24 | 20 0 7 . 0 Oj} 12 
10 Ditto 1935 D6 | 1942 | 2 —] 44 33 Oo} 15 a 0| 27 
11 Total 10 - 248 | 219 1 | 005 73 5 0 | 194 
12 H ex SC 29-25 1930 D2 1937 1 36 4 3 1 0 0 0 4 
13 N(CC) ex SC 29-25 1930 D2 1931 i1i— 24 23 0 23 0 0 0 23 
14 N(CC) ex SC(CCil) 1931 D3 1932 i— 24 | 20 0 20 0 0 0 20 
15 N(CC) ex SC(CCC) 2- 48 | 45 0 44 0 i) 0 44 
16 Resowing 1933 |— 1] 36 | 31 | oO} 29 0 0 0 | 29 
17 N(CC) ex SC(CCC) 1932 D4 1933 2 - 60 | 56 | 0 55 0 0 0 55 
18 N(CC) ex N(CC) 3 - 108 | 98 0| 93 0} 0 0 | 93 
ee ee | —|---—| | ae 
19 Total | 9 1] 300 | 273 | of] 264] of Oo | 0 | 264 
| | | | | } 
| | 





(a) Subcompactotd Segregates of Type III (CCCil) 


The two short compact-headed subcompactoid progeny of SC 29-25 had 
43 chromosomes which included two C and one Cil; this is termed Type III. 
A metaphase with 21,, + Cil, is shown in Fig. 13. In Fig. 14, A to H, eight 
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A B Cc 


Fic. 13. First metaphase of a Type III subcompactoid, with 21, (including the Cy) plus 
Cil, . 


Fic. 14. A to H. Various associations of the two C chromosomes and the Cil in Type III 
subcompactoids. 
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different associations involving two or all three of the C, C, and Cil chromo- 
somes are illustrated. They were found in a sample of 44 nuclei, with 
frequencies as follows :— 














Type Number observed 
Closed trivalent (CCCil;) 3 
Open trivalent (CCCili) 7 
Homomorphic bivalent + self-paired univalent (CCy + Cil;) 23 
Heteromorphic bivalent + rod univalent (CCil;, + C;) 6 
Two rod univalents + self-paired univalent (C; + C; + Cil;) 5 
44 








The most common type of association, CC,, + Cil,, will produce almost 
exclusively 20 + C or 20 + C + Cil gametes. Their proportions will depend 
on the frequency with which the univalent Cil is included in the tetrad nuclei. 

One of these Type III subcompactoids produced no viable seeds; the other 
was partially fertile and gave 15 N, 3 SC, and 2 Dwf which did not head. 
One of these subcompactoid segregates had CCCil like its parent. The other 
two differed both from each other and from the parent; see below. 


(6) Subcompactoid Segregates of Type II (CCC) 


Ten of the subcompactoid descendants of plant 29-25 belonged to Type II, 
i.e., had 40 + 3C chromosomes and no Cil. Two occurred in D,, one in De 
from a CCCil subcompactoid, and the remaining seven in D., D;, or D, as 
progeny of CCC subcompactoids. The C chromosomes usually form either 
a trivalent (Fig. 27) or a bivalent plus a univalent; three univalents were seen 

‘only rarely. In a similar subcompactoid of this strain (his 1930-426) 
Hakansson (6) found 59% with a trivalent and 41% with a bivalent and uni- 
valent in a sample of 76 cells, a ratio which is similar to that of our CCC sub- 
compactoid of Strain 3b, see below. This type of subcompactoid should 
therefore produce mainly 21- and 22-chromosome gametes, with the former 
in the majority owing to the frequent exclusion of C when it is unassociated. 
Few 20-chromosome gametes should be formed. Eight Type I] subcom- 
pactoids of this strain gave 1 H, 115 N, 75 SC, and 4 Comp, which agrees with 
expectation if the functioning pollen was mainly normal. 


(c) Subcompactoid Segregate of Type I (CCil) 


The third subcompactoid from the fertile D,; subcompactoid of Type III 
had 20, + CCil. It was sterile. Its chromosome complement resembles 
that of the Type I subcompactoids of Strain 1, and the associations of C and 
Cil were similar. 


(d) Compactoid Segregates from Type III (CCCil) Subcompactoid 


One of the two D, dwarf, sterile compactoids had two Cil chromosomes 
but a total of only 41. A univalent with a submedian kinomere and unlike 
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the normal C chromosome was present. It was never seen associated with 
any other chromosome. Evidently the missing chromosome was not one 
affecting the compactoid phenotype, but as the plant was sterile no genetic 
test could be made. 
(e) Heterozygous Speltoid Segregates 

A descendant het speltoid of the single het speltoid segregate of D, had 
If the parent was also Series 8, as was the one het speltoid derived 
from a CCC subcompactoid, they both presumably arose from 20-chromosome 
ovules produced by 43-chromosome plants—one a CCCil and the other CCC. 


40 + C. 


(f) Normal Segregates 


One normal plant of the D,; had 21,,. Seventeen other normals from CCCil, 
CCC, and CC plants of later generations all had 42-chromosomes but some of 
them had two chromosomes occasionally unpaired and one had many uni- 
valents in one nucleus. An association of four was found in one metaphase. 
The phenotypes indicated that crossing had been involved in the origin of 
some of these normal plants. 


(g) The Parent Subcompactoids 

Since SC 29-25 gave rise directly to a CilCil compactoid and to both CCCil 
and CCC subcompactoids, it is concluded that it was probably CCCil. The 
sister plant SC 29-26 was probably CCilCd (21). It gave a y het speltoid. 


Two subcompactoids (29-23 and 29-24), both very dense-headed but one 
denser than the other, were collected in 1929 from Dr. Akerman’s strain 
1930-425. Hakansson has examined eight sib subcompactoids numbered 
1930-425-—23 to 30. The derivatives of 29-23 and 29-24 are so different that 
they are here treated as separate substrains. 


1. Substrain 3 a (Table IV) (Fig. 23). 

Twenty-eight seeds from SC 29-23 gave 1 H, 7 N, 15 SC of various types 
and 1 “lax SC” which had almost shoulderless glumes like those of a subcom- 
pactoid but lax heads approaching the ‘‘normal”’ length. 


(a) Subcompactoid Segregates of Type III (CCCil) 
Two of the D, subcompactoids tested genetically (Table IV, Line 2) were 
apparently of this type since they produced both Type I and Type I] subcom- 


pactoids. It is also the most probable constitution of the original SC 29-23. 


(6) Subcompactoid Segregates of Type I (CCil) 


Six subcompactoids of this type produced 33 H, 53 N, 1 SN, 47 SC, and 
The seven subcompactoids examined all had 40 + CCil. Five types 
of CCil association or lack of it are shown in Fig. 15, A to E. In 232 nuclei 
at first metaphase, C and Cil were associated 95 times and unassociated 137. 


3 Comp. 
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C. SUBCOMPACTOIDS OF STRAIN 3 
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In the progeny of a subcompactoid sib of SC 29-23 Hakansson (6) found one 
CCC and eight CCil subcompactoids besides a sterile compactoid with 
degenerate anther contents. He stressed that in the CCil plants the C 


edtee 


A B Cc 
Fic. 15. A to E. Various associations of C and Cilin Type I subcompactoids of Strain 3. 


(his “No” or “normal’’) chromosome was larger than in the subcompactoids 
of Nilsson-Ehle’s strains which he had examined. In our preparations it 
appears to be a typical C chromosome and Hakansson does not mention 
any peculiarity in its size or shape in the CCC sib which he examined. The 
apparent discrepancy is resolved by the discovery of the Ctl chromosome—see 
Section A(a). It is now apparent (see Hakansson’s Fig. 2) that the Nilsson- 
Ehle subcompactoid which he examined was a CtICil plant, while his sub- 
compactoid of Akerman’s strain was CCil (see his Fig. 7). He was comparing 
a normal C chromosome with a Ctl. 

(c) Subcompactoid Segregates of Type II (CCC) 

A “lax subcompactoid”’ (less dense-headed than typical) and five of its pheno- 
typically similar progeny gave 76 N, 66 SC, 6 Comp, and 2 ‘Shoulderless 
normals’, the latter both in D,.. The individual ratios indicate that all six 
were CCC and this was found in the four that were examined, but they dif- 
fered in other chromosomes‘and in their associations. 

The D, SC had irregular metaphases usually with 4 to 18 chromosomes 
unassociated. In a meta-anaphase with 20, + 2,, Fig. 16, one of the uni- 
valents appears to be a C. The maximum association is 19, + 1; + 1. 


Ceantecassponetne tae 
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Fic. 16. First metaphase of a lax subcompactoid with 20, (including Cy) + C; + Ey. 
Fic. 17. First metaphase of a lax subcompactoid with 19, + Cur + Em. 








172 CANADIAN JOURNAL OF RESEARCH. VOL. 28, SEC. C. 


This SC is evidently trisomic for C and monosomic for a non C chromosome. 
It gave 12 N, 6SC, 1 Comp, and the 2 “‘shoulderless normals’. Their variation 
in other characteristics indicates that the D,; SC was a hybrid. 

One D, SC had 43 chromosomes (40 + CCC), and gave 6 N, 4 SC, and 1 
Comp. One of the Ds SC progeny had 42 chromosomes with > maximum 
association of 19, + 1; + Cy,. It produced 30 N, 31 SC, and 3 Comp. 
Two of its SC progeny had 19,, + 2, (Fig. 17); they were trisomic for both C 
and also the non-C chromosome for which the D; SC was monosomic. The 
latter does not determine the lax phenotype;—see (g) below. 


(d) Compactoid Segregate 


The only compactoid of this strain which gave good cytological material 
had 44 chromosomes which included 4C. A metaphase with 22,, is illustrated 
in Fig. 18. In 100 metaphases the following associations were observed: 











Type Number observed 
20n + liv 14 
20n + lin + 11 12 
221 67 
21 + 2: 5 
20n + 41 2 
100 
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Fic. 18. First metaphase of a CCCC compactoid with 224 . 


Three quadrivalent configurations and a trivalent and univalent are shown in 
Fig. 19, A to D; Fig. 29 shows the metaphase from which Fig. 19C was taken. 


ine 


D 19 


Fic. 19. A to D. Various associations of the C chromosomes in a CCCC compactoid. 


The frequencies of the various associations observed indicate that some 90% 
of the gametes formed will have 22 chromosomes and that the remainder will 
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almost all have 21. The progeny of CCCC compactoids are therefore expected 
to be mainly CCCC compactoids and CCC subcompactoids. This plant 
produced six Comp and two SC progeny. 


(e) Normal Segregates 


Four normal segregates from subcompactoids and one from the lax sub- 
compactoid had 21,,. One, from a subcompactoid that probably lacked a 
non-C chromosome and which in its turn came from the lax subcompactoid, 
had only 41 chromosomes. Its metaphase association was irregular. Six 
normals, including this irregular one, were tested and all bred true for the 
“normal” phenotype. 


(f) Heterozygous Speltoid Segregates 

Eight het speltoid segregates were all 40 + C, usually seen as 20, + C,. 
Occasionally 19,, + 3, were seen. One hundred dyads were examined at 
first telophase to determine frequency of univalent loss. Six dyads had a 
chromosome left out of each nucleus, 19 had one left out of one nucleus, and 
75 had none left out. This gives a C chromosome loss of 15.5% during the 
first division. Two instances of ‘‘misdivision’’ were noted. The two het 
speltoids tested gave 6 ratios, as expected. 


(g) Shoulderless Normal Segregates from the Lax Subcompactoid 

One of the two shoulderless normals had only 41 chromosomes which were 
sometimes irregularly associated but usually present as 20, + 1,. The uni- 
valent was clearly not a normal C and later evidence indicated that it was a 
non-C. Both plants bred true for glume shape. None of their progeny were 
examined cytologically, but one of them was propagated and also bred true. 
Three of its progeny were examined and all had 21,,. The non-C chromosome 
therefore does not determine shoulderless glumes (see also (c) above); the 
factor for them was presumably brought in by natural crossing. 


2. Substrain 3 b (Table V) (Fig. 24) 

This is the denser subcompactoid sib (29-24) of SC 29-23 which as shown 
above was probably CCCil. From the data given below it seems probable 
that SC 29-24 was CCilCil. It gave 19 N, 20 SC, and 1 Comp (Table V). 
No subnormals or shoulderless normals were obtained from it. It is classed as 
a subcompactoid, in spite of its having denser heads than any other sub- 
compactoids, because it was a segregating type and gave a still denser CCCilCil 
compactoid. 


(a) Subcompactoid Segregates of Type III (CCCil) 
Four subcompactoid segregates were found to be of Type III, CCCil. Two 
were D, progeny of SC 29-24 and two were descendants of the D; , CCCilCil, 


compactoid segregate. A chromosome complement of 20, + CCCily, is 
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shown in Fig. 20. 
C, and Cil were found: 
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In 56 metaphases the following associations formed by C, 





























































































































Type Number observed 

Closed trivalent (CCCilim) 4 

Rod trivalent (CCCilm) : ; 14 

Homomorphic bivalent + self-paired univalent (CC; + Cil;) 24 

Heteromorphic bivalent + univalent (CCily + Cy) ; 7 

Two univalents + self-paired univalent (C; + C; + Cil;) 7 

56 

TABLE V 
a Generation eee No. of seeds Progeny 
Parent plant rown families 
- No. | Sown Sown|Germ.| N | SC | C | Dwf| Total 
1, Original SC 29-24 1929 | Di | 1930| 1 —J]| 52 40 19 20 1 0 40 
2. CCCil SC ex 29-24 1930 | D2] 1931} 1 —| 24 18 9 4 4 0 17 
4 “ 1935 | 1 —] 48 4 1 3 0 0 4 
4. Total 2—{ 7 22 10 7 4 0 21 
5. CCC SC ex CCCilCil Comp} 1931 D3 1932 1 — 24 21 8 12 2 0 22 
6. Resowing 1935 |— 1] 12 9 4 1 0 0 5 
7. CCC SC ex CCC SC 1932 | D4 | 1933] 1 —]| 36 28 21 ’ 0 0 28 
8. CCC SC ex CCC SC 1933 | DS | 1935] 1 — 8 7 0 2 0 0 2 
9. (CCC + E) SC ex CCC SC 1 —!| 33 24 9 6 0 0 15 
10. Total « ties 89 42 28 2 0 72 
11. CCCiICil Comp ex 29-24 | 1930 | D2 | 1931] 1 —| 18 9 0 5 3 1 9 
12. CC N ex 29-24 1930 | D2 }1931] 2 —| 48 46 45 0 0 0 45 
V{>}oo104 ) bof 20 


Fic. 20. First metaphase of a Type III subcompactoid with 20, + CCilCyy . 


The Type III subcompactoids gave Type I and Type II segregates, as 
shown below. 


(b) Subcompactoid Segregates of Type IIT (CCC) 


Six subcompactoid segregates were found to be of Type II (CCC). 


were descendants of CCCil and CCCilCil segregates from SC 29-24; none 


They 
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were found in D,. Three of the six were typical SC Type II. In a sample 
of 100 metaphases there were 54 containing a C,, , 43 with 20, + Cy, + C,, 
and 3 with 20, + 3C,. 


One CCC subcompactoid had two non-C univalents. One of its CCC 
progeny lacked both of the ‘‘non-C’’ chromosomes, having a total of 41. 
Another had CCC and also an extra non-C, a total of 44 chromosomes. These 
irregularities were apparently induced by natural crossing, as there was much 
variation in other characters as well as in the “compactoid complex’. In 
their segregation of only N, SC, and Comp progeny they were, however, 
similar to regular Type II subcompactoids. No Cil chromosomes were found 
in any of the progeny. 


(c) Subcompactoid Segregate of Type I (CCil) 


One subcompactoid from a CCCil subcompactoid had 20, + CCil, , and 
was sterile. 


(d) Compactoid Segregate (CCCiICil) 

The D,; compactoid was extremely compact-headed. It had 44 chromo- 
somes comprising 40 + 2C + 2Cil. Most frequently these formed 22 bivalents 
which were either all homomorphic, i.e., 20, + Cy + Cily , or included two 
heteromorphics, i.e., 20,, + 2CCil,,. In one nucleus a quadrivalent was seen 
and in another a trivalent and a univalent. In others there were two uni- 
valents. These were either alike or dissimilar; in the latter case a hetero- 


morphic bivalent was present also. Four association types are shown in 
Fig. 21, A to D. 


a Oe 


Fic. 21. A to D. Various associations of the 2C and 2Cil chromosomes in a CCCilCil 
compactoid. 


The 18 seeds produced by this compactoid segregate gave 5 SC, 3 dwarf, 
sterile Comp, and one plant which failed to head. Three subcompactoids 
studied cytologically comprised two CCCil and one CCC, as described above. 
(e) Normal Segregates 


The two normal segregates examined were both found to have 21,,. One 
arose in D, and the other in the descendants of a D. subcompactoid of Type II. 


Discussion 


The origin and behavior of subcompactoid and compactoid wheats have 
been extensively studied genetically by Nilsson-Ehle (17), Akerman (1), and 
Lindhard (13, 14) and cytogenetically by Winge (28), Miintzing (16), 
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Hakansson (5, 6), Kattermann (11), Uchikawa (23, 24, 25), and ourselves 
(7, 8, 20, 21). Winge (28) found that subcompactoids from Lindhard’s 
cultures had 42 chromosomes of which one was often a ‘“‘vagabond”’ and that 
the ‘“‘squarehead heterozygote” (our ‘“‘subnormal’’) had only 41 chromosomes. 
Miintzing found 43 chromosomes in two of Nilsson-Ehle’s subcompactoids but 
he gave no other details. The ‘“‘compactoids’ with 42 chromosomes that 
Huskins (7) obtained from Akerman’s speltoid strain were believed then to 
be derived from crosses involving 7. spelta and this has since been confirmed. 
They are therefore not considered further herein. Uchikawa (23, 24, 25) found 
41-, 42-, and 43-chromosome subcompactoids and 40-, 42-, and 44-chromosome 
compactoids. He apparently explains the results on the basis of the original 
Winge scheme, in which substitution of B chromosomes by C is involved. 
The variety of cytological conditions met with in subcompactoid and com- 
pactoid wheats has, however, proved to be far greater than postulated by 
Winge. This was reported coincidentally by Hakansson (6) and us (8). 
Hakansson studied materials from both Nilsson-Ehle’s and Akerman’s 
cultures; the latter were in some cases the same as those given to us. He 
found subcompactoids to be of two main types (our Types I and II). In the 
former, one of the chromosomes, ‘‘Co’’, was shown to be a “secondary”’ 
(now known as an isochromosome) produced by duplication of the long arm 
of an “No” or normal-producing chromosome (our C). This ‘‘Co’”’ or com- 
pactoid-producing chromosome (our Cil) when paired with ‘‘No” formed a 
heteromorphic bivalent, the segregation of which was shown to produce 
gametes with 20 + C and 20 + Cil. They were unassociated in about half 
of the metaphases examined and Hakansson predicted that these p.m.c. would 
give many gametes with only 20 chromosomes and a few with 22(20 + C + 
Cil). Recombination of the four above types of gametes was expected to 
give rise mainly to zygotes with 40, 40 + C, 40 + Cil, 40 + C + Cil, 40 + CC 
and 40 + CilCil. The occasional production of 43- and 44-chromosome plants 
through functioning of the rare 22-chromosome gametes was predicted. 
Hakansson found the het speltoids to have 40 + C, normals 40 + CC, sub- 
compactoids 40 + C + Cil, and compactoids 40 + CilCil. He pointed out 
that 40-chromosome plants would be expected to be speltoids, and 40 + Cil 
to be ‘‘squarehead heterozygotes’ (subnormals), but he did not find any of 
the latter. He suggested that the dwarf plants with empty anthers might 





PLATE I 


Fic. 22. Heads of segregates in SC Strain 2a, left to right: het speltoid (C), normal (CC), 
subcompactoid Type II (CCC), subcompactoid Type III (CCCil), compactoid (CCCC). 


Fic. 23. Heads of segregates in SC Strain 3a. Upper row: speltoid (-—), het speltoid (C), 
normal (CC), subcompactoid Type I (CCil), compactoid (CilCil). Lower row: subcom- 
pactoid Type II (CCC), compactoid (CCCC). 


co 24. Heads of segregates in SC Strain 3b: normal (CC) and subcompactoid Type II 
(CCC). 
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be the expected 43- and 44-chromosome zygotes from Type I subcompactoids. 
The segregation of 8 het speltoids by CCil subcompactoids showed that his 
“‘No” was the normal-producing C chromosome. 


Hakansson (6) suggested, in line with ideas then current, that the Cil 
chromosome might have arisen through crossing over between two small 
similar regions present on either side of the kinomere of a normal C chromo- 
some. He considered also the possibility of its origin through crossing over 
between C and a homoeologue. In this case the duplicated arms would have 
been similar but not identical and in view of the close pairing of C and Cil 
Hakansson considered this origin of Cil improbable. It is now well established 
that isochromosomes can arise by ‘“‘misdivision”’ of the kinomere (2, 3). We 
have repeatedly seen misdivision in 8 het speltoids and other mutants with uni- 
valent chromosomes and Love (15) and Sears (18, 19) have also reported it in 
other wheats. Misdivision of C followed by separation of the chromatids 
gives two Ctl and two Ctschromosomes. If the chromatids remained attached 
on both sides of the misdivided kinomere the result of misdivision would be a 
Cil and a Cis chromosome. The latter has not yet been found. 


Hakansson also found five subcompactoids of Type II (CCC). One of 
them apparently came from a Type I (CCil) subcompactoid and the other 
from a het speltoid in one of Akerman’s strains. Het speltoids of this strain 
(y1 of 22) were found by us to have 40 + C + Cd. In these Type I subcom- 
pactoids Hakansson found the three C chromosomes forming a trivalent in 
45 p.m.c. and a bivalent and univalent in 31. He noted great variability of 
association in different anthers. 


The observations herein reported both support and extend Hakansson’s 
findings. The types he predicted have been found and analyzed. Since the 
mutants have been followed both cytologically and genetically through several 
generations it has been possible to clarify the interrelationships of the various 
types and the changes from one to the other. Furthermore, types have been 
found in which the Cil has separated into its two halves (Ctl, Ctl). This 
allows a more detailed analysis of the effects on the phenotype of the addition 
or subtraction of parts of the C chromosome. 





PLATE II 


Photomicrographs of first meiotic metaphases in various mutant wheats 


Fic. 25. Subcompactoid with 20, + Ctl Cily . 

Fic. 26. Het speltoid with 20, + Ctl, . 

Fic. 27. Subcompactoid Type II with 20, + Cin. 
Fic. 28. Anomalous vigorous speltoid with 19, + Ey. 
Fic. 29. Compactoid with 20, + Cw. 

Fic. 30. Subnormal with 20, + Ctly. 

Fic. 31. Compactoid with 20, + 2 Cil, . 

Fic. 32. Subnormal with 20, + Cil;. 
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The commonest subcompactoids described herein have been designated 
Types I, II, and III, for convenience in discussion, but Type numbers have not 
been given to rarer subcompactoids or to any of the numerous types of com- 
pactoid segregates. Type III subcompactoids give Types I, II, and III by 
simple segregation. Types I and II give rise to types other than their own 
only irregularly; the latter only by alterations of the structure of the C chromo- 
somes. Type II is usually the most vigorous and fertile and Type III the 
least, but they cannot be distinguished definitely without a genetic or cyto- 
logical test. 


Type I Subcompactoids 


The chromosome constitution is 40 + C + Cil. The total progeny of all 
we have grown comprise 1Sp, 110 H, 210 N, 10 SN, 107 SC, 9 Comp, and 
4 Dwf. The single speltoid had an additional ‘‘non-C” or ‘‘extraneous” 
chromosome (‘‘E’’). Chromosomes designated E are those which do not 
appear to alter the phenotype except by making it more vigorous, and usually 
more fertile, if it would otherwise be dwarf and sterile. 


Since C and Cil are frequently unpaired, a CCil cubmemngeaned produces 
many gametes lacking either or both of them and the three commonest types 
of gametes contain 20 + C, 20 + Cil, and 20 chromosomes. The 20-chromo- 
some pollen rarely functions in competition with 21-chromosomes, and 40- 
chromosome speltoids are expected only very rarely. The other six classes of 
segregates are readily obtainable by simple recombination. The het spel- 
toids segregated should all be of Series 8B (40 + C), and this has been estab- 
lished both cytologically and genetically. The subnormals will commonly 
be 40 + Cil (see below). The subcompactoids will usually be of Type I. 
Rarely, Type II (CCC) will be formed by inclusion of both chromatids of the 
C univalent in the same gamete nucleus, and subcompactoids of Type III 
(CCCil) may similarly arise occasionally. The only compactoid segregate 
which gave satisfactory cytological material had 40 + CilCil (see below). 


Subcompactoids with 40 + Ctl + Cil presumably arose from a 40 + CCil 
by misdivision of the kinomere of C or Cil. The metaphase—anaphase 
behavior of Ctl + Cil is similar to that of C + Cil, whether paired or unpaired. 
The segregation of CtlCil subcompactoids differs from that of CCil mainly in 
that more or less true-breeding subnormals (40 + CtICtl) replace the normal 
segregates. The het speltoid and subcompactoid progeny that have Ctl in 
place of C are shifted slightly towards the compactoid end of the scale. Het 
speltoids with 40 + Ctl give SN in place of N progeny and more speltoid 
progeny than typical Series B (40°'+ C). Since the behavior of the Ctl 
univalent is similar to that of C, the occurrence of more 40-chromosome 
speltoids indicates that 20-chromosome pollen is more successful in competition 
with 20 + Ctl than with 20 + C pollen. 
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Type II Subcompactoids 


This type is a simple trisomic having 43 chromosomes (40 + CCC). None 
of the original plants were of this type but it was obtained from Types I and 
III. Its segregation is much simpler than that of Type I and it is 
readily distinguished in the breeding plots by the absence (or rarity) of het 
speltoid segregates. The total progeny of all our Type II subcompactoids 
comprised 1 Het Sp, 254 N, 201 SC, 21 Comp, and 2 Dwf. The C chromo- 
somes are occasionally unassociated at metaphase in CCC subcompactoids; 
this leads to the formation of gametes lacking C and hence probably accounts 
for the occurrence of the 40 + C 6 het speltoid. 


Type III Subcompactoids (CCCil) 


These have all three types of subcompactoids in their progeny, besides 
normals and compactoids. Het speltoids and subnormals can arise from them 
when 20-chromosome ovules are formed and are fertilized by 20 + C or 
20 + Cil pollen grains respectively. The total progeny from CCCil subcom- 
pactoids comprised 3 H, 76 N, 55 SC, 6 Comp, and 2 Dwf. 

The meiotic associations of the C, C, and Cil chromosomes lead to the 
production of a variety of gametes of which 20 + C, 20 + Cil, 20 + CC, and 
20 + CCil form the greater part. As common segregates, normals (40 + CC), 
subcompactoids (CCil, CCC, CCCil, or CCilCil—see p. 173) and compactoids 
(CilCil, CCCC, or CCCilCil) are expected and most of these have been 
identified in the progeny of Type III subcompactoids. 


Compactoids 


A compactoid with 40 + CilCil derived from a CCil subcompactoid gave 
six subnormals and seven compactoids. This indicates that almost half the 
ovules had only 20 chromosomes which is in accord with the observation in 
this and other CilCil compactoids that the two Cil chromosomes were asso- 
ciated in less than half the p.m.c. metaphases. Pairing is predominantly 
within each Cil chromosome i.e. between its two identical arms. 


The compactoid with 40 + CCCC gave two Type II subcompactoids and 
six compactoids. A quadrivalent was formed in about 80% of the p.m.c. 
and the production of CCC subcompactoids indicates the formation of some 
21-chromosome gametes. 


A CCCilCil compactoid gave five subcompactoids (of which two were CCCil 
and one CCC), three compactoids, and one non-headed dwarf. Most frequently 
22,, are formed but all possible combinations of C, C, Cil, and Cil have been 
seen, 


Subnormals 


Most subnormals have 20, + Cil, and regularly form gametes with 20 or 
20 + Cil. The progeny expected from recombination of these are speltoids, 
subnormals, and compactoids. Het speltoids and subcompactoids do not 
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arise apart from natural crossing or misdivision of the Cil,. The latter occurs 
not infrequently and gives rise to two Ctl chromosomes. Hence het speltoids 
with 40 + Ctl arise which in the next generation give some 40 + CtICtl sub- 
normal progeny. Since these in most cases form 21,, they usually breed true 
instead of segregating as do 40 + Cil subnormals with which they are genically 
but not structurally identical. 


Hakansson (6) found some plants which appear to be of the same type as 
our CtlCtl subnormals. He says ‘“‘Es sind hier erstens einige Pflanzen unter- 
sucht worden, die keine echten Compactoiden darstellen. Sie stehen phano- 
typisch zwischen subcompactum und dem Normaltypus, sind aiso sehr ausge- 
pragte Squarehead-Formen. Wie mir Herr Saatzuchtleiter Nilsson mitteilte, 
stehen sie jedoch Squarehead viel naher als die Mutterlinien, aus denen sie 
hervorgegangen sind. Genetisch sind sie konstant; sie sind also Normal- 
pflanzen mit gewissen compactoiden dausseren Merkmalen.’’ One of these 
squarehead forms is discussed in detail. It was segregated by a compactoid 
and showed normal reduction at meiosis. Usually only bivalents were 
present and 21 chromosomes were found in each anaphase group. Hakans- 
son’s Fig. 11 shows, however, that in each group there is a telokinetic chromo- 
some that is doubtless Ctl. Hakansson notes that Winge (28) also examined 
squarehead forms and that his Fig. 18 shows a ‘‘Co”’ (i.e. Cil) chromosome. 
Evidently they had both types of subnormals. 


The reorganizations that take place in the C chromosome of compactoid 
and speltoid mutants with such striking effects upon the diagnostic characters 
of T. vulgare sound a very clear warning, if such is still needed, against placing 
too much reliance on ‘‘genome analysis’’—see Dobzhansky (4, p. 246). The 
chromosome constitution of any of our compactoids is very different from 
that of 7. compactum, yet they may be very similar or even identical with 
respect to the genes which primarily determine the glume and head density 
characters. A very small segmental duplication involving the region of the 
C chromosome bearing the ‘“‘k’”’ gene (22) would, for instance, fit the few data 
available from crosses of 7. compactum with other wheat “‘species’’, and 
without doubt compactoids of this constitution can arise. Possibly the 
42-chromosome compactoids found by Uchikawa (25) are of this general type. 
The ‘‘2-factor differences” occasionally reported between 7. vulgare and 
T. compactum could be explained simply by the postulated duplication of 
the k segment involving two nonhomologous chromosomes. 





Both the chromosome and genic constitution may be essentially alike in a 
speltoids and 7. spelta. Watkins (27) was unable to differentiate their F, 
segregates, though he, more clearly than anyone else, has differentiated the 
typical spelta complex of characters from. that of speltoids. A semantic 
difficulty arises, however, if we attempt to discuss the possible constitutions 
of compactoids as T. compactum and speltoids as T. spelta in standard cyto- 


genetic terms. A ‘‘deficiency” is the lack of a segment of chromosome from 


a ‘‘normal’’ complement, and ‘‘duplication”’ is its presence in double quantity. 
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Should it be proved that T. spelta lacks the segment bearing ‘‘k” and that 
T. compactum has it twice, their differences could not be termed “‘deficiency” 
and ‘‘duplication”’, since these states would, by definition, be the “‘normal”’ 
for these species. Very much the same problem arises when allelism has to 
be considered. Alleles are commonly defined by their position, but in the 
genetics of polyploids or segmentally changed types we cannot ignore origin 
and similarity as criteria. This complicates greatly any analysis of wheat, 
such as Watkins has attempted (26) in terms of the K and B ‘“‘alleles’’, and 
it is evident that a modified terminology is needed. 


The restoration of vigor and fertility to nullisomic speltoids or to some 
dosage-unbalanced compactoids by the addition of other nonhomologous 
chromosomes, seems to be the equivalent on the chromosome scale of the 
accumulation of ‘‘modifiers’’ on the genic scale. If the beneficial extra 
chromosomes are homoeologues, however, such a ‘‘compensation”” phenomenon 
at the chromosome level would largely be limited to polyploids. | This question 
and their possible relationship to heterochromatic, ‘‘B’’, chromosomes deserve 
further consideration and demand more detailed analyses of a more limited 
number of special cytogenetic types than has been attempted in this study. 
It seems evident that such analyses would be fruitful for the elucidation of 
several fundamental problems in polyploid genetics, the cytosystematics and 
evolution of the cereal grains, and plant breeding practice. 
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Commonwealth Agricultural Bureaux 


This organization was set up by the Government of Canada in collaboration 
with the other Governments and responsible authorities of the British 
Commonwealth to provide up-to-date information in the form of journals, 
technical communications, and bibliographies on all aspects of science and 
practice as applied to agriculture, horticulture, and forestry. 


JOURNALS. The following list comprises journals and other periodical 
publications. Subscription rates are quoted after each; in certain cases 
(journal marked with an asterisk) a 20 per cent deduction is made for sub- 
scribers in the British Commonwealth who send their subscriptions direct. 


Bulletin of Entomological Research (40s.) Dairy Science Abstracts* (35s.) 
Review of Applied Entomology (Series A) (40s.) Forestry Abstracts* (45s.) 
Review of Applied Entomology (Series B) (20s.) Forest Products and Utilization (15s.) 
Review of Applied Mycology* (40s.) Horticultural Abstracts* (35s.) 
Helminthological Abstracts (35s.) Field Crop Abstracts (35s.) 
Animal Breeding Abstracts* (35s.) Herbage Abstracts* (35s.) 
Veterinary Bulletin (40s.) Plant Breeding Abstracts* (35s.) 
Index Veterinarius (100s.) Soils and Fertilizers* (35s.) 
Nutrition Abstracts and Reviews (63s.) 


OCCASIONAL PUBLICATIONS 


PRICE 
List of Recorded Cotton Insects of the World. 1948. 5s. 
Report of the Fifth Commonwealth Entomological Conference, 22nd-30th July, 1948. 7s. 6d. 
West African Meliolineae. II. Meliolineae Collected by F. C. Deighton. 1948. 12s. 


The Plant Diseases and Fungi Recorded from Mauritius. 1948. 5s. 
Fungi of Barbados and the Windward Islands. 1948. : 3s. 9d. 
A List of Plant Diseases of Economic Importance in Tanganyika Territory. 1949. 3s. 9d. 
List of Common Tropical Plant Diseases. 1947. 3s. 
Bibliography of Systematic Mycology. 1947. 1s. 6d. 
Seed Production of European Vegetables in the Tropics. 1948. 2s. 
Growth Substances and Their Practical Importance in Horticulture. 1948. 12s. 6d. 
Index to Horticultural Abstracts, volumes XI-XV, 1941-1945. 1949. 35s. 
Five Hundred Varieties of Herbage and Fodder Plants. 1948. 15s. 
The Technique of Breeding for Drought Resistance in Crops. 1948. 2s. 6d. 
New and Promising Varieties Recently Described in the Literature. 1948. 2s. 6d. 
The Practice of Soil Conservation in the British Colonial Empire. 1949. 10s. 
Bibliography of Soil Science, Fertilizers and General Agronomy, 1944-47. 35s. 
New Techniques for Mounting Fungi, 1949. 1s. 6d. 
Proceedings of the First Commonwealth Conference on Tropical and Sub-Tropical 

Soils, 1948. 25s. 


All correspondence regarding above journals and other publications may be 
addressed in the first instance to: 


COMMONWEALTH AGRICULTURAL BUREADUX, 
CENTRAL SALES BRANCH, 
PENGLAIS, 
ABERYSTWYTH, GREAT BRITAIN. 











